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However, i f  I had w aited  long enough I protjably never would 
have w ritte n  any tiling a t  a l l  s in ce  th e re  i s  a tendency when you 
r e a l ly  begin to  le a rn  something about a tiling no t to  want to  w rite  
about i t  bu t ra th e r  to  keep on learn in g  about i t  always and a t  
no tim e, unless you are very e g o t i s t i c a l ,  whici:, o f  course, accounts 
fo r  many books, will, you be able to  say; now I know a l l  about th is  
and w il l  w rite  about i t .
E rnest Hemingway 
’’Death in  the Afternoon”
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ABSTRACT
The techniques o f absorp tion  and p e rtu rb a tio n  spectroscopy have 
been app lied  to  the He-Cd la s e r  d ischarge to  determine species d e n s i t ie s ,  
e x c ita tio n  ra te s  and d e -e x c itâ tion  ra te s  o f relevance to  la s e r  o s c i l la t io n  
on t ra n s i t io n s  in  the cadmium ion .
The f i r s t  sec tio p  o f th is  work describes the use o f a l in e  
absorp tion  teçlinique to  measure helium s in g le t  and t r i p l e t  m etastab le 
d e n s it ie s  in  a 3 ram bore c a p il la ry  tube fo r both  pure helium discharges 
(cu rren t range 10 - 200 mA, p ressu re  range 0 .5  -  15 to r r )  and fo r  He-Cd 
d ischarges. For the  pure helium d ischarge , w ith  co n stan t discharge 
c u rre n t, the s in g le t  and t r i p l e t  d e n s it ie s  show pronounced maxima o f 
2 X 10^^ cm~  ^ and 9 x 10^^ cm ^ re sp ec tiv e ly  around 2 t o r r .  At constan t 
p ressu re  the m etastab le d e n s it ie s  s a tu ra te  fo r  cu rren ts  above about 
20 mA. The measured t r i p l e t  d e n s it ie s  are in  f a i r  agreement w ith  values 
c a lc u la te d  using known c ro ss -se c tio n s  fo r  p roduction  and lo ss  p ro cesses .
The ad d itio n  o f  cadmium vapour has two p r in c ip a l e f fe c ts :  the  
m etastab le populations are almost halved when the  optimum cadmium 
p ressu re  fo r  la s in g  is  p re sen t w hile the cu rren t s a tu ra tio n  is  d isp laced  
towards h igher cu rren ts  (60 -  120 mA) . The observed optimum performance 
o f  the He-Cd la s e r  w ith  re sp ec t to  discharge c u r re n t , helium f i l l i n g  
p ressu re  and cadmium p a r t i a l  p ressu re  is  re la te d  d ir e c t ly  to  the  behaviour 
o f the helium m etastab le  d e n s it ie s  as these param eters are  v a ried .
The second se c tio n  describes thé  ap p lica tio n  o f  the teclm ique 
o f p e rtu rb a tio n  spectroscopy to  the  helium-cadmium la s e r .  Chopping the ,
ra d ia tio n  f ie ld  in s id e  the  cav ity  o f the la s e r  o p era ting  a t  44168 induces
2 2 2 p ertu rb a tio n s  in  the  populations o f the 5s -^^ 2^ 5/2 ^ 3/2
le v e ls  of the cadmium io n . A nalysis o f  the p e rtu rb a tio n s  o f the 
2 2 25p 5s Dgy2 popu la tions shows th a t  the r a t io  o f n o n -rad ia tiv e
to  ra d ia tiv e  de-e x c ita t io n  ra te s  fo r  d ie l a t t e r  le v e l (the  upper le v e l
o f  th e  4416& la s e r  t ra n s i t io n )  i s  0 .9  0*2, w ith  l i t t l e  dependence on
2 2discharge co n d itio n s . From the 5s D^y2 population  changes the c ro ss -
2 2sec tio n  fo r  e x c ita tio n  o f th is  le v e l from the  5s le v e l by e le c tro n
c o llis io n s  is  found to  be ^ 7 x 10 cm^.
NOTE:
The p r in c ip a l r e s u l ts  o f  the  experiments described  in  th is  th e s is  
have been published  as follow s:
(a) Browne P G and Dunn M H ’Lfetastable d e n s it ie s  and e x c ita tio n
processes in  the  He-Cd la s e r  d ischarge ' J  Phys B;Atom Mblec Phys 
6 1103-1117 June 1973
(b) Browne P G and Dunn M H 'P e rtu rb a tio n  spectroscopy o f  the He-Cd
la s e r  d isch arg e ' J  Phys B:Atom Mblec Phys 2  May 1974
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1.1
CHAPTER I
INTRODUCTION
1.2
P r io r  to  1968, m etal vapour la s e rs  were l i t t l e  s tu d ied . The 
p r in c ip a l work concerned only tire discovery o f  new la s in g  tr a n s i t io n s  
w ith  pu lsed  e x c ita t io n . Very l i t t l e  d iagnostic  examination o f 
p a r t ic u la r  systems was rep o rted . The b asis  o f the an tipa thy  to  metal 
vapour la se rs  was tw ofold: f i r s t ,  these  systems d id  n o t ex lrib it any
outstanding  fea tu res  in  th e i r  performance coup are d to  s in g le  gas o r 
gas-m ixture la se rs  then av a ilab le  and second, the containment o f 
co rro sive  and poisonous m etal vapours a t  te itpera tu res up to  lOOO^C 
posed many experim ental problem s.
This s i tu a t io n  was ra d ic a lly  changed by the  two papers o f  S i I f  v a s t (1 ),
(2) ,  in  which continuous la s e r  o s c i l la t io n  was rep o rted  on the  44168
and 3250% tra n s i t io n s  o f  the  cadmium ion (5s^’ “ 5p^ P^y^ and
2 2 25s D^y2 “ 5p P^y2 re sp e c tiv e ly ) . The l a t t e r  t r a n s i t io n  remains tire 
sh o r te s t  wavelength a t  which continuous la s e r  o s c i l la t io n  has been 
obtained . Laser powers o f  th e  order o f  100 mW a t  44168 and 20 mW 
a t 32508 are now commonplace. The ac tiv e  medium o f th is  la s e r  is  tire 
p o s itiv e  column o f a helium  c a p il la ry  discharge whiçh is  seeded w ith 
tire m etal vapour.
S hortly  a f te r  the above re p o rts  a simple and e legan t t e clm ological 
development by Sosnowski (3) and Goldsbprough (4) e lim ina ted  th e  need 
fo r  a continuous oven along the leng th  o f  the discharge tube. I t  has 
long been lororvn th a t  in  a d ischarge in  a m ixture o f gases the co n stitu en t 
w ith  the low est io n iz a tio n  p o te n tia l  is  pumped towards the cathode -  an 
e f fe c t  lorowtr as catap h o resis  (5) . Sosnowski (3) and Goldsboro ugh (4) 
found th a t  i f  a few p e l le ts  o f  the  m etal were p laced  in s id e  the la s e r  
tube a t the anode end o f  the c a p il la ry  discharge and heated  by a small 
oven the m etal vapour was d is tr ib u te d  uniform ly along the tube by 
c a tap h o res is . F u rth e r, by makirrg a sh o rt sec tio n  o f  the  tube n ea r the  
cathode w ith  a much la rg e r  diam eter than the c a p il la ry , the  metal
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could be condensed as the  w alls  o f  the  en larged  sec tio n  were much 
co o le r than tire w alls  o f  tire c a p il la ry  tube.
Three param eters are fouird to  a f fe c t  the  la s e r  power produced 
by ca tap h o re tic  la s e rs  - the  cadmium oven tem perature, the  discharge 
cu rren t and the helium f i l l i n g  p re ssu re . Pronounced maxima are observed 
in  the output power as a function  o f  eaclr v a riab le  (with the g tirer .two 
fixed) . Optimum power is  ob ta ined  .for cu rren ts  o f  about 100 mA, 
oven tem peratures about 200°C and helium f i l l i n g  p ressu res o f  3 to r r .
The He-Cd la s e r  is  tire re fo re  a convenient source o f coherent 
ra d ia tio n  in  the deep b lue and u l t r a v io le t  regions o f  the  spectrum.
Output powers are in  the range between those o f the  low power 
He-Ne la s e r  (1 - 10 mW) and the argon ion la s e r  (1 - 10 W). N a tu ra lly  
th is  in sp ire d  various s tu d ie s  o f  the la s e r  d ischarge to  c la r i fy  the  
e x c ita tio n  processes producing the population  in v ers io n  necessary  fo r  
la s e r  o s c i l la t io n .  These s tu d ie s  w il l  now be b r ie f ly  reviewed.
S il fv a s t  proposed (1 ) , and i t ' is  now g en era lly  accepted, th a t  
Penning c o ll is io n s  between helium  atoms in  the s in g le t  and t r i p l e t  
m etastab le s ta te s  and ground s ta te  cadmium atoms sim ultaneously 
ion ize  the m etal and ex c ite  the upper la s e r  le v e ls ,  according to  the 
reac tio n
4- Cd Cd (5s^ \ / 2 , s / 2 ^  + He + e ‘ + AE (1.1)
The su b sc rip ts  m,g denote m etastab le  and ground s ta te s  re sp e c tiv e ly , 
and AE the excess energy o f  th e  re a c tio n .
Schearer and Padovani (6) and Riseberg and Schearer (7 ) , by 
measuring decay ra te s  o f  sp e c tra l  l in e s  in  a He-Cd s t a t i c  afterg low , 
determined a value o f 4.5 x lO”^^ cm  ^ fo r  the to ta l  de-e x c ita t io n  
c ro ss-se c tio n  o f helium t r i p l e t  m etastables by cadmium ground s ta te  atoms. 
Cermak (8) deduced c ro ss-se c tio n s  fo r  e x c ita tio n  in to  in d iv id u a l s ta te s  
o f the cadmium ion (inc lud ing  tlie ground s ta te )  by an an a ly sis  o f  the
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k in e tic  energy o f  the e lec tro n s  produced in  Penning c o l l is io n s .
C ross-sections fo r  the e x c ita tio n  o f cadmium ion le v e ls  by 
e le c tro n  c o ll is io n s  w ith  ground s ta te  atoms were determ ined by 
V arshavskii e t  a l (9 ) , w hile tlie e lec tro n  d e n s it ie s  under la s in g  
conditions were measured by Dunn (10).
Using a flowing afterg low  teclm ique Webb e t  a l (11), determ ined 
the  re la t iv e  co n trib u tio n s  o f Penning c o ll is io n s  and charge tr a n s fe r  
c o ll is io n s  to  the e x c ita tio n  o f  upper la s e r  le v e ls  in  a wide range o f 
m eta ls. For the la s e r  t r a n s i t io n s  o f  in te r e s t  here i t  was found th a t  
tlie co n trib u tio n  o f  charge t r a n s fe r  e x c ita tio n  was n e g lig ib le .
Because o f th e i r  ro le  in  the e x c ita tio n  o f the  upper la s e r  le v e ls  
i t  i s  im portant to  know the number d e n s it ie s  o f  the  helium  m etastab le  
atoms under conditions approp ria te  to  la s e r  o s c i l la t io n ,  and a lso  th e i r  
dependence on the d ischarge param eters ; cu rren t and the p a r t i a l  p ressu res 
o f  helium and cadmium. The v a l id i ty  o f  the e x c ita tio n  mechanism 
(equ. (1 .1 )) can then be fu r th e r  d ie eked by comparing the  param etric  
behaviour o f  the m etastab le  species and the la s e r  ou tpu t power.
As th e re  are qo ra d ia tiv e  tra n s i t io n s  from the  helium m etastab le  
le v e ls ,  t h e i r  d e n s it ie s  can be measured only by absorp tion  techn iques.
The f i r s t  sec tio n  o f th is  th e s is  describes the a p p lic a tio n  o f the 
re -ab so rp tio n  teclm ique o f H arrison (12) to  measure the absorption 
c o e f f ic ie n ts  o f  t r a n s i t io n s  term inating  on the  m etastab le  lev e ls  
(3p ^P - 2s a t  50168, 4p ^P - 2s a t 396S8 and 3p ^P - 2s 
a t 38898). From the absorp tion  c o e f f ic ie n ts ,  the  E in s te in  A - c o e f f ic ie n ts  
and the  t r a n s i t io n  l in e  shapes, helium s in g le t  and t r i p l e t  m etastab le 
d e n s itie s  have been determ ined. Chapter I I  d iscusses the theory o f 
the absorp tion  experiments and Chapter I I I  i t s  ap p lic a tio n  to  the 
determ ination o f  m etastab le  d e n s it ie s  in  a pure helium d ischarge . In  
Chapter IV the in fluence  o f  cadmium vapour on the m etastab le  d e n s it ie s
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is  then considered. Appendix I describes the co n stru c tio n  and opera tion
of a cataphoretic He-Cd laser. The laser power at 44168 is  shown as
a function of tlie operating parameters.
The second s e c tio n , Chapter V, concerns the p e rtu rb a tio n  spectrum
of the He-Cd discharge. Chopping the 44168 laser radiation perturbs
2 2the populations o f  the  5s le v e l (the upper la s e r  l e v e l ) , and
2 2 2the 5p P^y2 and 5s D^y2 le v e ls  o f  C dll. A nalysis o f  these p e rtu rb a tio n s
with two- and three-level models and the appropriate rate equations
enables tlie relative pumping rates o f the upper and lower laser levels  
2 2 2(5s ^5/2» ^3/2 ^Gspectively) to  be determ ined, as w ell as the
rate of non-radiative de-excitation o f the upper laser lev e l. Analysis
2 2o f  the p e rtu rb a tio n s  o f  the  5s D^yg le v e l population  allows the c ro ss -
2 2 2sec tio n s  fo r  e x c ita tio n  to  th is  le v e l from the  5p P^yg and 5s D^y^ 
lev e ls  by e le c tro n  c o ll is io n s  to  be estim ated .
2.1
CHAPTER II
THEORETICAL ANALYSIS OF THE ABSORPTION EXPERIMENT
2.2
I2.1 In tro d u ctio n
A ll the  methods fo r  determ ining m etastable d e n s it ie s  involve 
measurement o f the absorp tion  o f lin e s  te rm inating  on tlie m etastable 
le v e ls . Emission spectroscopy cannot be used because o f  the low 
t r a n s i t io n  p ro b a b i l i t ie s  fo r  ra d ia tiv e  decay from m etastab le le v e ls .
Line absorp tion  te  cliniques u su a lly  req u ire  two sep ara te  bu t id e n tic a l  
d ischarges - one ac ts  as a source and the o tlie r as absorber. This ensures 
s im ila r  l in e  p ro f i le s  fo r  em ission and absorption and is  one o f  the  few 
cases where the  an a ly s is  o f  r e s u l ts  i s  r e la t iv e ly  simple (the Ladenburg - 
Reiche case (13)).
As the  eventual o b je c t o f  th is  work is  the study o f  the  helium - 
cadmium discharge the problem a r is e s  o f m aintaining two sucli d ischarges 
id e n tic a l  over the  time periods req u ired  fo r  the  absorp tion  experim ents. 
Experience w ith the la s e r  system (^ p e n d ix  I)  has shown Üiis to  be 
ra th e r  d i f f i c u l t .
I t  was decided, th e re fo re , to  use the reabsorp tion  technique 
described  by H arrison (12), in  which one discharge a c ts  as both  source 
and absorber. In th i s  technique the l ig h t  emerging from one end o f 
the  discharge tube is  r e f le c te d  back in to  the tube by a plane front. -  
alum inised m irro r w ith  c a l ib ra te d  r e f le c t iv i ty .  The f ra c tio n a l 
absorp tion  o f  the  discharge i s  then  determined by comparing the s ig n a l 
due to  the l ig h t  en te r in g  a spectrom eter d ire c t ly  along th e  tube ax is 
(with m irro r covered) w ith  the s ig n a l due to  the  a d d itio n a l l ig h t  
re f le c te d  back tlrrough the tube when the m irro r is  uncovered.
Stops are necessary  in  the ligh t, c o lle c tio n  arrangement to  ensure 
th a t re f le c tio n s  from the  tube w alls  are  avoided and th a t  each volume 
element along the ax is o f  the  discharge (and i t s  image in  the m irror) 
ra d ia te s  the  same amount o f  l ig h t  in to  the spectrom eter.
With the l ig h t  c o lle c tio n  system thus defined , the  absorp tion
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c o e f f ic ie n t ,  k^, fo r  the t r a n s i t io n  under in v e s tig a tio n  can be ca lc u la te d  
from the measured f ra c tio n a l ab so rp tio n , Icnowing the  ac tiv e  leng th  of 
the discharge and the t r a n s i t io n  l in e  p ro f i le  (13).
This chap ter d iscusses the  o p tic a l design c r i t e r i a  o f the  absorp tion  
experiment inc lud ing  d if f r a c t io n  e f fe c ts  a t  the stops involved. The 
re -ab so rp tio n  technique i s  analysed fo r  a simple Doppler-broadened 
l in e ,  and the an a ly s is  i s  extended to  a l in e  co n s is tin g  o f overlapping 
f in e -s tru c tu re  components. Factors in fluencing  the l in e  p ro f i le  in  
a c a p il la ry  d ischarge in  helium are discussed  and experim ental measurements 
o f the Doppler w idth o f the  50168 (3p - 2s ^S) helium l in e  considered .
2,2 O p tical Design C r i te r ia
In order th a t  the  absorp tion  c o e f f ic ie n t fo r  a p a r t ic u la r  sp e c tra l 
l in e  may be determined from the changes in  i t s  in te n s i ty  produced 
by the presence o f the  m irro r , stops must be p laced  in  the o p tic a l 
system to  ensure tlia t s im ila r  volume elements o f the  plasma along the 
ax is o f the d ischarge co n trib u te  s im ila r  in te n s i t ie s  to  the spectrom eter 
s l i t  (in  the  absence o f a b so rp tio n ) , ie  the e ffe c t iv e  volume element 
must be independent o f  x , the  d is tan ce  from stop A (Fig. 2 .1 ) .
This i s  arranged by p lac in g  two c irc u la r  stops between the tube 
and the spectrom eter s l i t .  The p r in c ip a l s to p , A, i s  in  con tac t w ith 
th e  tube end n e a re r  the spectrom eter and the  sm aller s to p , B, i s  
immediately in  f ro n t o f the spectrom eter s l i t .
The an a ly sis  o f the  geometry o f such an arrangement is  a 
m odifica tion  o f  th a t  o f  H arrison (12) to  apply to  a system w ith 
c ir c u la r  (in s tead  o f  rec tan g u la r) s to p s.
The plasma is  taken to  be a uniform cy lin d er o f leng th  d and 
diam eter 2D (F ig. 2 .1 ) . The plasma tube is  separa ted  from the m irro r 
by a d is tance  a , and stop  A from the  spectrom eter by a d is tan ce  z.
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The acceptance angle 6 defined  by the  stops A,B must be sm all enough
to  ensure th a t  the  l ig h t  c o lle c te d  comes wholly from w ith in  the tube
(or i t s  m irro i image) and n o t in d ire c t ly  by re f le c t io n s  from the  w a lls ,
ie  2e s  —Za^2d 4. f
where r ,R  are the r a d i i  o f  stops B,A re sp ec tiv e ly .
But 2e =
. 2CR +r) 2D
■■ '  '
ie  2 (R+r)(a+d) + zR $ Dz
But 2 (a+d) “ L
L(R+r) + zR $' Dz (2.1)
We req u ire  fu r th e r  th a t  tlie f r a c tio n  o f  l ig h t  ga tlie red  from each
volume element is  lim ite d  by the sm aller s top  B.
r  T  P .2 )
I f  both conditions (2.1) and (2.2) are f u l f i l l e d ,  the  volume dV’ 
o f the  element a t  x (o f th ic lo iess dx) in  the discharge co n trib u tin g  
l ig h t  to  the s l i t  is  given by
dv' = ir{R + dx
and the f ra c tio n  o f l i g h t ,  em itted  by any source w ith in  tliis  elem ent, 
which en te rs  the spectrom eter s l i t  is  (assuming no absorp tion  along 
i t s  path)
2
4 T r ( z + x )
Thus the ’e f fe c t iv e  volume’ dV o f  th is  element is
,  7i {R 4- x (S y )} 2  dx . (2.2a)
4it(z4-x)^ ^
For r  << R, dV is  given by2
dV = —   w (R 4- ^  R)^ dx,
4it(z4-x)^ ^
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dx , (2 .3)
4z‘^
which i s  independent o f x .
rLFrom (2.23 we have, R
Ï3zFrom (2.1) we have $ R. Hence the lim its  on R are given by
rL p Dz
L+z " ^   ^ L+z ‘
Since r  «  R, the  l e f t  hand in e q u a lity  is  always f u l f i l l e d  and the  
condition  on R becomes
•
The geometry fo r  optimum l ig h t  ga thering  i s  now determined*
Let r  -  kR (where k << 1 ). S u b s titu tin g
« ■ f e
in equation (2.3) gives
dv = J  D^  k^ — * dx .
^ (L+z)^
D iffe re n tia tin g  dV With re sp ec t to  z gives the value o f z fo r  
optimum l ig h t  gathering.,
^  = 0
whence, fo r  o p tim isa tio n , L = z and R = Further ^  fo r  k ~ 1 /5 .
Thus we ob ta in  the arrangement o f  stops fo r  optimum l ig h t  c o lle c tio n , 
a t  the same time ensuring th a t  the l ig h t  received  from each volume 
element in  the  d ischarge is  independent o f the d is tance  from the s l i t .
In  the e.xper:iment described  in  the  nex t chap ter convenience in  
the  experim ental lay -o u t n e c e s s ita te d  dev ia tions from th is  optimum 
arrangem ent. S p e c if ic a l ly , the follow ing values were used; 
spectrom eter-stop  d is tan ce  z = L/2 (= 22 cm) 
tube diam eter 2D = 3 mm 
radius o f p r in c ip a l stop R = D/3 = 0.5 mm 
rad ius o f sm alle r stop  r  = D/15 -  0 .1  no.i . 
h ith  tîïis  geom etrical arranger-Oiit the crr:c..i t io n  th a t dV is  independent 
o f  X w ill bo re-oxamLiod.
From equation  (2 .2 a ) , w ithout the approximation r  << R being t.ade,
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we ob ta in  a f te r  re-arrangem ent
dV = {1 + ^ z + x )  ^ ^
4z^whence we have
a v . ^ U ^ | E ^ ) d x .  (2 .2b)
Hie second term in  b rackets  in  equation (2.2b) i s  the c o rrec tio n  
term giv ing  the  dependence o f  dV on x. For the  extremes o f the geom etrical
1C 1arrangement defined  above, ie  x = 44 cm fo r z = 22 cm and ^  we have
Thus a t the  p o in t in  the  m irro r image o f  tlie tribe f a r th e s t  from the mono- 
dirom ator th e re  i s  aii a d d itio n a l co n trib u tio n  o f  27% to  dV due to  the 
dependence o f dV on x.
For given values of R, x and z th is  a d d itio n a l term may be made as
sm all as d esired  by reducing r ,  th e  rad ius o f the  stop  a t the spectrom eter,
since the  c o rrec tio n  term 2 is  l in e a r  in  r .  However, the l ig h t
2c o lle c te d  by tlie stop  a t  the  spectrom eter i s  p ro p o rtio n a l to  r  , so th a t  
as r  i s  reduced to  wealcen the  dependence o f dV on x the amount o f l ig h t  
c o lle c te d  i s  reduced even f a s te r .
The choice o f stop s iz e ,  r ,  i s  th e re fo re  a compromise between th a t  
which defines a p re c ise  geometry and th a t  which enables s u f f ic ie n t  l ig h t  
to  be c o lle c te d .
For the  absorp tion  c e l l  to  be described  in  th e  follow ing chap ter 
(Section 3.2) tlie d ischarge occupies the c e n tra l 3 cm o f a tube 20 cm 
long. With the above geometry the c o rrec tio n  term , 2 — , i s  0.13
fo r  volume elements w itliin  the c e l l  and 0.27 fo r  volume elements in  the 
m irro r image o f the  c e l l .  Thus the s ig n a l from the m irro r image is  over­
estim ated  by '^ '•11%, which leads to  an underestim ate o f  tlie m etastable 
d e n s i t ie s .  This is  o f f s e t ,  to  a c e r ta in  e x te n t, by the overestim ate o f 
m etastab le  d e n s it ie s  produced by u n c e r ta in t ie s  in  the  p re c ise  ab^Js'rption 
leng th  (see Section 3 .2 ) .
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2.3 D iff ra c tio n  E ffe c ts  a t  Stop A
Having p laced  a sm all stop  a t A i t  is  necessary  to  ensure th a t 
d if f ra c t io n  e f fe c ts  a t  t l i is  stop  do n o t lead  to  a s ig n if ic a n t  lo ss  
o f l ig h t- c o l le c t in g  c a p a b il i ty . F ig. 2.2 i l l u s t r a t e s  the  s i tu a t io n  
and defines the  co -o rd in a te  axes.
the  angular e x ten t o f  the A iry d isc  o f  the  d if f r a c t io n  
p a tte rn  produced by the  s to p , is
^D ~ ix
For the experim ents described  here Ax = 1 mm and the  maximum 
value used fo r  A is  approxim ately SOOOS. Hence 6^ has a maximum value 
o f 6 X 10 rad ian s.
The minimum c o lle c tio n  angle 0^ i s  given by (F ig. 2 .1)
®c T  •
Thus, fo r  tliese experim ents, 0^ has a minimum value o f 3 x 10 ^ rad ians 
and d if f r a c t io n  e f fe c ts  a t stop  A may be neg lec ted .
2.4 A nalysis o f the re -ab so rp tio n  teclmique
Having e s ta b lish e d  the o p tic a l  design c r i t e r i a  the  theory  o f  the
Ladenburg-Reidie l in e  absorp tion  technique (13) as ap p lied  by H arrison (12)
w il l  now be d iscussed .
As described  above the  experim ent is  arranged so th a t  26(z+2d+2a)<2D
(F ig ,2 .1 ) . Let F be the f r a c tio n  o f  norm ally in c id en t l ig h t  re f le c te d
by the  m irro r, and F^ the f r a c tio n  o f  norm ally in c id en t l ig h t  tra n sm itte d
through the q u artz  window. From sec tio n  2,2 the volume o f  an element.
dV of plasma which can ra d ia te  in to  the spectrom eter i s
2_2
dV = —  dx .
I f  the in te n s i ty  em itted  in  the frequency in te rv a l  dv is  I^ dv 
p e r u n it  volume o f  plasm a, tlie to t a l  in te n s i ty  o f  the em itted  l in e  is  
I = JI^  dv where the in te g ra l  i s  performed over th e  l in e  p r o f i le ,
I f  the l ig h t  from the  volume element is  absorbed according to
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Ivx "  Ivo
where Ic^  is  the absorp tion  c o e f f ic ie n t  (in  cm fo r  l ig h t  o f  frequency v
and X is  the  absorp tion  p a th -le n g th , then the to ta l  in te n s i ty  o f l ig h t
reaching the spectrom eter d i r e c t ly  i sd 2
Iq = /  /  F Iv —2 exp(-k^x) dx dv .V 0 ^ 4z
S im ila rly  the in te n s i ty  o f  l ig h t  reaching the  spectrom eter a f te r  
r e f le c t io n  from the m irro r i s 2
Ip = /  F I'q^ Iv ^  exp{-k^(d-x)}exp(“k^d) dx dv .V 0  ^ 4z
The r a t io  I^ /I^  i s  measured experim entally  and i t  is  from th is  
r a t io  th a t  the absorp tion  c o e f f ic ie n t  a t l in e  cen tre  and hence the 
number den sity  o f  the  absorbing species may be determ ined.
Consider f i r s t  a s in g le  is o la te d  Doppler-broadened l i n e . For • 
th i s  case we may w rite
ly  = I q
where p .  (m 2)^
ü VD
.2
'D - c "o W
AVjQ is  the  ( f u l l )  Doppler widtli between h a lf  in te n s i ty  p o in ts  o f  the
lin e  cen tred  a t  v , c the v e lo c ity  o f  l i g h t , (R the u n iv e rsa l gas 
c o n stan t, M the m olecular w eight o f  the  gas and T i t s  absolu te 
tem peratu re .
With th e  above su b s ti tu tio n s  the  r a t io  I^ /I^  reduces to
q  = F F/  G(k^d)
/  (1-A)A dpwhere G(k^d) (2 .4)
2and A = exp(-k^d exp(-p ) ) .
M itchell and Zemansky (13) ta b u la te  values o f  G(k^d) as a function  
o f  k d c a lc u la te d  by Ladenburg and Reidie fo r a s in g le  Doppler broadened
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l in e .  Tlie k^d values determ ined from the experim ental G(k^d) measurements 
are then re la te d  to  the  number d en sity  o f the absorbing atoms by 
th e eq u a tx o n  = « .5 )
where is  th e  E in s te in  c o e f f ic ie n t  fo r  the  t r a n s i t io n  a t  wavelength
A [frequency v^) from the  upper le v e l u [po%)ulation N^, s t a t i s t i c a l
weight g^) to  the  lower le v e l 1 (population , s t a t i s t i c a l  weight g ^ ) .
Thus, i f  AVp and are loiown, and i f  the  cond ition  g^N^ << g^N^
is  f u l f i l l e d ,  the k^ values derived  from the measured f ra c tio n a l
absorp tion  y ie ld  values fo r  the d e n s ity , N^, o f the  absorbing sp ec ie s .
In our case the absorbing species are  the  m etastab le  le v e ls  o f  helium .
I f  th e  condition  g.N «  g i s  no t f u l f i l l e d  then only the reduced
number d en s ity  N. (1 — can be determined.
^u 1
2.5 Factors In fluencing  Line P ro f ile s
Hie causes o f the  broadening o f the  in d iv id u a l components o f 
sp e c tra l l in e s  w il l  be considered f i r s t .  Fine s tru c tu re  e f fe c ts  are 
considered in  a l a t e r  s e c tio n .
For low p ressu re  glow d ischarges the p r in c ip a l mechanisms which 
must be considered are S tark  broadening, n a tu ra l (or homogeneous) 
broadening, c o l l is io n  broadening and Doppler broadening.
The w idth o f  helium l in e s  due to  S tark  broadening can be 
c a lc u la te d  from the  th e o re t ic a l  broadening co n stan ts  tab u la ted  by 
Griem (14). For an e le c tro n  d en sity  o f 10^^ cm”  ^ (10) the  S tark  
widths l i e  in  the  range 3-30 Mlz.
Fugol e t  a l (15) show th a t  th e  n a tu ra l widths o f the helium lin e s  
are in  the  range 1-4 MIz, and derive  em pirical re la t io n s  fo r  the 
w idths due to  c o ll is io n  broadening. For a tem perature o f 600K and helium 
pressu re  o f 10 to r r  the  w idths o f the helium lin e s  due to  c o ll is io n  
broadening are in  the  range 70-130 Vtiz,
Hie Doppler e f f e c t ,  a r is iiig  from the  random therm al v e lo c i t ie s
2.10
o f the  em itting  atoms, produces in  sp e c tra l l in e s  a frequency d is t r ib u t io n  
whose f u l l  w idth a t half-pow er p o in ts  is  given by
^ = 7.16 X 10 (i)
0
where is  the  cen tre  frequency o f  the  lin e  and M i s  the m olecular 
weight o f the  gas whose abso lu te  tem perature is  T.
For the He-Cd discharge where T'~ 600K, the  re su lt in g  Doppler 
w idths in  both helium and cadmium lin e s  are  o f the  o rd er o f  1 GHz a t  
5000&.
Thus i t  i s  c le a r  th a t  the Doppler w idths o f the  s tu d ied  lin e s  
are much g re a te r  than the  w idths produced by o th e r broadening mechanisms 
and the  above an a ly sis  o f the  l in e  absorp tion  technique fo r a Doppler 
broadened l in e  may be app lied .
2.6 Experim ental Examination o f  Line Widths
Line w idths of the o rd er o f  sev era l g igahertz  can be measured
most conveniently  w ith a scanning Fabry-Perot in te rfe ro m e te r. The
5016%. helium lin e  (3p - 2s ^S) from a pure helium discharge was
examined using such a device witli a re f le c t io n  fin e sse  o f SO.
This lin e  has the advantage o f being a s in g le t- ? in g le t  t r a n s i t io n  and 
thus i t  e x h ib its  no fin e  s tru c tu re  which would com plicate the l in e -  
shape. I t  i s  a lso  one o f  the  more in tense  lin e s  in  the spectrum 
em itted  by the helium d ischarge .
The experim ental arrangement is  shown in  F ig, 2 .3 . The m irro rs 
o f the in te rfe ro m ete r were separa ted  by 6 mm giv ing  a free  sp e c tra l 
range o f 25 GHz. One m irro r was mounted on a piezoceram ic tran sd u cer 
which could be scanned over approxim ately ly  free  sp e c tra l  ranges w ith  
the 150 V sawtooth from the  o sc illo sc o p e . A lens o f  fo ca l leng th  
105 mm focused the  frin g e  p a tte rn  so th a t  the  c e n tra l spot lay 
sym m etrically around a 50 p p inhole a t the monochromator input s l i t .
(The c e n tra l spo t diam eter was approxim ately 2 mm, thus tiie pinhole
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f in e sse  is  40). The ou tpu t o f the  p h o to m u ltip lie r , w ith  the mono­
chromator s e t  a t  5016%, was d isp layed  on an X-Y reco rd er as the p iezo - 
ceramic was scanned by th e  sawtooth v o ltag e . S u f f ic ie n t in te n s i ty  
was av a ilab le  th a t  recourse to  more so p h is tic a te d  d e tec tio n  systems 
(such as lo ck -in  am p lifie rs ) was unnecessary.
Typical r e s u l ts  are shown in  F igs. 2 ,4a ,b  fo r  l in e  widths as 
a function  o f  cu rren t a t constan t p re s su re , and as a function  o f  
p ressu re  a t constan t c u rre n t. The experim ental accuracy is  o f  the 
o rder o f 10%, due p r in c ip a lly  to  therm al d r i f t  o f  the in te rfe ro m ete r.
I t  is  ev iden t th a t  the  l in e  w idths vary l i t t l e  over the cu rren t 
range SO - ISO mA and the p ressu re  range 1 - 1 0  t o r r .  The f u l l  w idth 
a t  h a l f  maximum under these  cond itions is  about 5 GHz.
This observed l in e  w idth must be asc rib ab le  to  Doppler broadening 
since  the 5016%. t r a n s i t io n  in  helium a t  600K has a th e o re tic a l  Doppler 
w idth o f 5.2 GHz, which i s  much la rg e r  than the w idth produced by any 
o th e r broadening medianism. (600K is  a value fo r  th e  tem perature 
in s id e  the discharge obtained  from th e  measured o u ts id e  w all tem perature 
and the  c a lc u la te d  tem perature drop across the  q u artz  w all o f  the  
d ischarge tube .)
The Doppler e f fe c t  is  a lso  the  most s ig n if ic a n t  source o f l in e  
broadening fo r  the  o th e r l in e s  examined in  th is  work. In  the an a ly sis  
o f  the  absorp tion  measurements a constan t Doppler width corresponding 
to  a gas tem perature o f 600K has been assumed fo r  a l l  l in e s .
I t  should be no ted  th a t  a change in  gas tem perature from 480K 
to  740K changes the  Doppler w idth by oply 10% and so th e  c a lc u la tio n  
o f  m etastab le  d e n s it ie s  from f ra c tio n a l  absorp tion  measurements is  only 
weakly dependent on the gas tem perature.
2 .7  S tru c tu re  o f the  Examined Lines and Absorption o f a Line witli 
Ove rlapp ing  Components
Of tJie lin e s  in v e s tig a te d , a t  5016%., 3965% and 3889% in  helium
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and 3261% in cadmimn, only the  f i r s t  two are simple s in g le  Uoppler- 
broadened lin e s  fo r  which the an a ly sis  o f  Ladenburg and Reiche may 
be d ire c t ly  ap p lied . These two lin e s  a r is e  from tra n s i t io n s  between 
lev e ls  in  the  s in g le t  spectrum o f helium which ex liib it no fin e  s tru c tu re .
When the components o f  a l in e  overlap , the absorp tion  can be 
evaluated  only by num erical in te g ra tio n . Values fo r  G(k^d) can be 
found once the foim o f k^d as a function  o f frequency is  known.
The k^d value is  c a lc u la te d  f i r s t  fo r  each component in  the 
lin e  s tru c tu re , and each component is  assumed to  have a Doppler 
p ro f i le .  I f  th e re  are n components to  the  s t ru c tu re ,  th e i r  r e la t iv e  
in te n s i t ie s  I ( i  = 1 . . .  n) give tlie equation
(k^d) : (k^d)^^L .......... (k^d)
The re la t iv e  in te n s i t ie s  are  ob ta ined  from the th e o re tic a l  in te n s i ty  
ru le s  fo r  m u ltip le ts  to ge ther w itli, in  the  case o f the  cadmium l in e ,  
the re la t iv e  abundances o f the iso to p es .
The one remaining equation necessary  to  fin d  a l l  the  k^d values 
is  given by a m odified form o f  equation (2 .5 ):
| n^ ( i  d
are now the to ta l  populations over a l l  components o f  the  s tru c tu re  
o f the  le v e ls .  (For the  3889% He lin e  the upper le v e l (^P) has sub levels 
w ith  J  = 0 ,1 ,2 . The g^  ^ value fo r  th is  case is  the  sum o f  the g values 
o f  the  in d iv idua l su b lev e ls , ie  9 ).
The requ ired  number o f  Doppler p ro f i le s  cp?e drawn so th a t  each 
curve has a maximum value equal to  one o f the  k^d values and a width 
o f AVq . The sep ara tio n s  between the cen tres  o f  the curves are equated 
to  the  measured sep ara tio n s  o f the  components o f  th e  l in e .  The 
ind iv idua l p ro f i le s  are then added, g iv ing  a re s u l ta n t  curve o f  k^d 
as a function o f v . Then the  in te g ra ls  o f (1-A) and A(l-A) are found
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(where the general form A = exp(-k^l) is  used in  equation 2.4) 
and the absorp tion  evalua ted  as a function  o f Nd (or more c o rre c t ly
N, ( 1  rr-M , the  product o f the  reduced number d en sity  o f thegu
absorbing le v e l and th e  absorp tion  len g th ).
The helium l in e  a t 3889% is  found, when examined w ith  a high 
re so lu tio n  in te rfe ro m e te r (16), to  be a c lo se ly  spaced t r i p l e t .  This 
t r i p l e t  s tru c tu re  a r is e s  from the d if f e r e n t  energ ies possessed by the
'tJ  = 0 ,1 ,2  sub levels o f  the  P upper le v e l o f  the  t r a n s i t io n .  The 
s p l i t t in g s  o f  the components are  5-6 GHz (16) which i s  s l ig h t ly  le s s  
than tlie Doppler w idth o f 6.8 GHz fo r each component a t  600K.
The s tru c tu re  o f  the  Cdl resonance l in e  a t  3261% (5 - S^S^)
has d if f e r e n t  o r ig in s . F i r s t ,  the iso tope s h i f t s  o f th e  l in e  must 
be considered since  the cadmium used was o f normal iso to p ic  composition 
w ith  e ig h t s ta b le  iso to p es . Second, tlie hy%3erfine s p l i t t i n g  o f  the  
l in e  due to  n u c lea r sp in  must be considered fo r  the  two s ta b le  
iso topes w ith  odd atomic number. The o th e r iso topes w ith even atomic 
numbers have zero n u c lea r sp in , which has no e f f e c t  on the  s tru c tu re  
o f the l in e . The d e ta i le d  s tru c tu re  o f the l in e  was derived  from the  
re s u lts  o f Brix and Steudel (17), K elly and Tomchuk (18), and Kuhn 
and Rams den (19).
The s tru c tu re s  o f  tlie 3889% helium lin e  and 3261% cadmium lin e  
to g e th e r w ith the  th e o re tic a l  in te n s i ty  r a t io s  o f  th e  components are 
shown in  F ig s . 2.5 and 2 .7  re s p e c tiv e ly .
The rgbove in te g ra tio n  procedure was performed fo r  each l in e  by 
an IBM 1130 computer. D e ta ils  o f  the  computer programmes are  given 
in  Appendix I I .  The r e s u l ts  o f  these  c a lc u la tio n s , ie  graphs o f  the 
absorp tion  function  G(k^d) versus the  product o f  the  reduced number 
d en sity  o f  the  absorbing le v e l and the absorp tion  len g th , are shown 
in  Fig. 2.6 fo r  the  helium t r i p l e t  m etastable lev e l (absorp tion  a t
2.14
3889%) and F ig . 2 .8  fo r  th e  cadmium ground s ta t e  n e u tra l density  
(absorption a t  3261%). I t  must be emphasised, however, th a t  these  
curves are v a lid  only fo r  a Doppler w idth corresponding to  600K.
F urth er, the  in fluence  on the absorp tion  c o e f f ic ie n t o f c o l l is io n a l  
broadening up to  200 MHz in  ad d itio n  to  Doppler broadening o f  5.2 GHz 
was examined (20) fo r  the 5016% s in g le t  l in e  by computer in te g ra tio n  
over the re su ltin g  Voigt p r o f i le .  I t  was found th a t  fo r  the range o f 
values o f  f ra c tio n a l absorp tion  observed in  the experim ents, the 
approximation o f  a simple Doppler p ro f i le  was adequate,
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CHAPTER I I I
METASTABLE POPULATIONS IN THE PURE HELIUM DISCHARGE
3.2
3.1 In tro d u ctio n
This chap ter considers the measurement o f  m etastab le  d e n s it ie s  
in  a pure helium d ischarge , a f t e r  desc rib in g  the  co n stru c tip n  and 
opera tion  o f  the c a p il la ry  d ischarge c e l l  in  which the  m etastab le  
d e n s it ie s  in  both pure helium and helium-cadmium d ischarges were 
measured.
The re s u l ts  fo r  s in g le t  and t r i p l e t  m etastab le  d e n s it ie s  in  pure 
helium discharges are  p resen ted . The two p r in c ip a l fe a tu re s  o f  these  
re s u lts  are :
T 1( i)  Both the  2 S and 2 S m etastab le  d e n s it ie s  i n i t i a l l y  
in crease  rap id ly  w ith  in c reas in g  d ischarge c u rre n t, bu t fo r  cu rren ts  
above 20 mA and p ressu res  below 2 to r r  they  become independent o f the 
d ischarge c u rre n t. A decrease in  measured m etastable d e n s it ie s  w ith  inci'eas- 
ing cu rren t fo r  p ressu res  above 2 to r r  is  shown to be caused by the 
presence o f s ig n if ic a n t  populations 10% o f the  m etastable popula tions)
in  tlie upper le v e ls  o f the  t r a n s i t io n s  on which the  absorp tion  is  
measured.
( i i )  The sa tu ra te d  populations are dependent on helium p re ssu re , 
i n i t i a l l y  r is in g  ra p id ly  w ith  in c reas in g  p ressu re  to  a maximum 
around 2 to r r ,  and th e re a f te r  decreasing  slowly as the  p ressu re  
increases fu r th e r .
In tlie f in a l  se c tio n , the  t r i p l e t  m etastable d en sity  is  
derived  th e o re t ic a l ly  by considering  the  various documented production 
and lo ss  processes fo r th is  level* The broad fe a tu re s  o f  the behaviour 
o f the  t r i p l e t  m etastab les are exp lained , and s a t i s fa c to ry  agreement 
is  obtained  between c a lc u la te d  sa tu ra te d  d e n s it ie s  and the  measured
values. A s im ila r  trea tm en t i s  then app lied  to  estim ate  the 
populations 
population .
o f the 3 le v e l ,  to  a llp ^  a comparison w ith  the  m etastable
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3.2 Apparatus and Experiment
The co n stru c tio n  and op era tio n  o f  sev era l t r i a l  absorp tion  c e l ls  
w ith  diam eters 5-2S mm and lengths 3-15 cm showed th a t  th ree  requirem ents 
had to  be f u l f i l l e d  by the f in a l  design o f the  c a p il la ry  absorp tion  
c e l l .  F i r s t ,  the  lengtl) o f  the p o s itiv e  column along which the absorp tion  
was measured had n o t to  exceed 5 cm. Lengths g re a te r  than 3 cm gave 
a la rg e  amount o f abso rp tion  (G(k^d) < (0 .3 )) and ,in  consequence, l i t t l e  
v a r ia tio n  in  th is  q u an tity  w ith  la rg e  dianges in  m etastab le  den sity  
(see Fig. 2 .6 ) . Second, as the  u ltim a te  aim o f th is  work was to  examine 
ttie Hé“Cd la s e r  d isch arg e , a means o f  in troducing  cadmium vapour in to  
the  discharge had to  be provided as near as p o ssib le  to  the anode end 
o f  the  absorbing reg ion . T h ird , f la r in g  o f the  discharge a t  d is c o n tin u itie s  
had to  be prevented since  th is  could produce considerab le  u n ce rta in ty  
in  the absorption leng th . Tiie f la r in g  e f fe c t  Was p a r t ic u la r ly  ev iden t 
fo r  p re ssu res  le s s  than 2 torr*  (Even i f  f la r in g  i s  com pletely avoided 
th e re  s t i l l  remains u n c e rta in ty  as to  the  exact absorp tion  leng th  owing 
to  d iffu s io n  o f the m etastab les from the ends o f  the  d ischarge reg ion .
The e f fe c t iv e  absorp tion  len g th  is  th e re fo re  g re a te r  than  the discharge 
lengtli by approxim ately tw ice the c a p il la ry  d iam eter. D iffusion  e f fe c ts  
may make the abso lu te  values o f  the m etastab le populations u n certa in  
by 20%.)
The f in a l  design o f the absorp tion  tube is  shown in  Fig. 3 .1 . The 
tube was o f q u a rtz . At each end o f  the tube a quartz  d isc  o f 
S ch lie ren  q u a lity  was a ttach ed  by ’T orr^S eal’ such th a t  the d isc  was 
p e rpend icu la r to  the  tube a x is . At tlie anode end o f  the  absorp tion  
region (of leng th  3 cm and diam eter 3 mm) a sharp boundary to  the 
d ischarge was obtained  by fo rc ing  i t  to  run in to  the  c a p il la ry  through a 
gap o f 0 .5  mm. I t  was found th a t  by making the  s ide  arm connection 
to  the cathode o f approxim ately the  same diam eter as the  c a p il la ry ,
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f la r in g  o f the  discharge was avoided. Mien cadmium was p re sen t in  
the discharge most o f i t  was found also  to  tu rn  the  corner and condense 
in  the cathode bu lb , although a much sm aller amount condensed on the 
c a p il la ry  w alls beyond tlie discharge reg ion .
Cadmium w ire (5H p u rity )  o f n a tu ra l iso to p ic  composition was 
p laced  in s id e  the o u te r ja ck e t w hidi was surrounded by a f le x ib le  
oven (E lectro therm al HR 5/2/4) whose tem perature was s ta b i l i s e d  to  
1C° by a tem perature c o n tro l le r  (E ther ’’D ig i" ) . The metal vapour 
en tered  the  discharge thyough a 2 mm wide s l i t  cu t in  the w all o f the 
c a p il la ry  witli a diamond saw. As th is  hole was le s s  than  2 mm 
from the anode end o f  the c a p il la ry  d ischarge , tlie absorbing len g th  was 
taken to  be the same (3 cm) fo r  both pure helium and He-Cd d ischarges.
The o v e ra ll experim ental arrangement is  shown in  Fig. 3 .2 .
The tube was r ig id ly  mounted on an aluminium base , which was clamped 
onto an o p tic a l bench w ith  saddles allowing accura te  p o s itio n in g  in  
tlie v e r t ic a l  and tran sv erse  d ir e c t io n s . Tlie o p tic a l  bench supported 
the  g ra tin g  monochromator (Carl Zeiss SPM2) whose output was d e tec ted  
w ith a p h o to m u ltip lie r (EMI type 9594 QUB). The p h o to m u ltip lie r was 
found to  have a l in e a r  response fo r  output voltages up to  500 mV 
across the 100 kQ anode load  r e s i s to r .  The e x i t  s l i t s  o f the  mono­
chromator were always s e t  s u f f iç ie n t ly  wide to  allow the l ig h t  from 
the  e n tire  p ro f i le  o f th e  chosen l in e  to  be in c id en t on the photo­
m u ltip l ie r .
The p r in c ip a l s to p , o f ebonite  (with a b lack  and n o n -re f le c tiv e  
roughened su rface) glued to  one quartz  window o f  the c e l l ,  was 22 cm 
from the 200 \i p inliole a t the  monochromator in le t  s l i t s .  At the 
o th e r end o f  the c e l l  the plane fyont-alum inised m irro r was supported 
by a la se r-m irro r  mount to  o b ta in  fine  adjustment o f  i t s  alignm ent.
The c a p il la ry  tube and the stops were a ligned  using a
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catlie tome t e r  (Wild) to  define the o p tic a l ax is o f  th e  system. The
m irro r was tiien mounted in  p o s it io n  and, w itli the d ischarge running
ad ju sted  to  o b ta in  maximum re f le c te d  s ig n a l on a l in e  showing l i t t l e
abso rp tion . The r e f le c t iv i ty  o f the m irro r was measured by O ptical
Coatings Ltd over the range 3200 - 6500% using a spectrophotom eter (Cary)
M anufacturer's sp e c if ic a tio n s  fo r  the  transm ission , F , o f the  quartzq
windows were used (see S ection  2 .4 ) . These values were found l a t e r  
to  be in  p re c ise  agreement w itli values measured w ith  a Pye-Unicam 
spectrophotom eter in  tliis  departm ent. F u rther, the  value o f  the 
re f le c te d  s ig n a l measured fo r  th e  4416% la s e r  l in e  when cadmium was 
p re sen t in  tlie d ischarge was compared witli tlie value derived  from the 
above transm ission  and r e f le c t io n  d a ta  (but ignoring  the  s l ig h t  gain 
in  the in te n s i ty  o f the  l in e  along 3 cm) . Agreement to  2% was found. 
M onitoring the magnitude o f th e  4416% re f le c te d  s ig n a l was a convenient 
means o f  checking th a t  cadmiuni dep o sitio n  Was no t a l te r in g  the  transm ission  
o f the  quartz  window n ear the  m irro r.
Helium o f  4N5 p u r ity  was used (BDH "Labgas") and the f i l l i n g  
p ressu re  measured w ith  a Bourdon gauge which had been c a lib ra te d  
ag a in s t a McLeod gauge over the  range 0-15 to r r .  The d ischarge cu rren t 
was provided by a 5 kV, 200 inA smoothed but un regula ted  power supply.
The output o f  the  p h o to m u ltip lie r (taken across the  100 kfi anode 
re s is to r )  was recorded d ir e c t ly  on a Servoscribe c h a r t reco rder w ith 
a 10 ]iF cap a c ito r  across the inpu t te rm inals to  reduce discharge n o ise .
With a black card  in s e r te d  between the  m irro r mid the  tube end, the  
s ig n a l en te rin g  tlie spectrom eter d ire c t ly  was measured fo r  approxim ately 
1 m inute. The card  was then repioved. and the ad d itio n a l s ig n a l due to  
l ig h t  r e f le c te d  from the m irro r was measured fo r  a s im ila r  tim e.
Each measurement was repeated  sev e ra l times in  tu rn . Under any s e t
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o f conditions the re p ro d u c ib ility  o f these  sei/era l measurements was 
w ith in  5%, w hile the day-to-day re p ro d u c ib ility  o f  measurements was a lso  
w ith in  5%,
The values ob tained  fo r  the  r a t io  I^ /I^  were co rrec ted  fo r  m irro r 
r e f l e c t iv i ty  and quartz  window transm ission  to  give a f in a l  value fo r  
the abso rp tion , Tlie absorp tion  measurements on a p a r t ic u la r  t r a n s i t io n  
allowed the value o f  the  reduced number den sity  n o f  m etastab les , where
(3.1)
to  be found fo r  th a t  t r a n s i t io n  from the appropria te  graph (F igs. 2 .6 ,2 .!  
and (1 3 )).
3.3 R esults fo r  the  Pure Helium Discharge
Measurements o f  reduced number d e n s it ie s  fo r  the  pure helium
discharge are summarised in  F ig s , 3 .3 , 4 , 5, 6. With constan t discharge
c u rre n t, s in g le t  and t r i p l e t  ( f ig .  3.3) m etastable d e n s it ie s  show a
sharp peak in  t h e i r  dependence on h e liu n  f i l l i n g  p re ssu re . Both
m etastab le d e n s it ie s  reach th e i r  maximum v a lues, o f  2 x 10^^ cm ^ fo r
12  ” 3s in g le ts  and 9 x 10 cm fo r  t r i p l e t s ,  a t  p ressu res  around 2 t o r r  (fo r
a cu rren t o f  100 mA) . For helium p ressu res below 2 to r r  s in g le t  and
t r i p l e t  m etastab le  d e n s it ie s  ra p id ly  s a tu ra te  w ith .increasing discharge
c u rren t and show constan t values ( 2 x 10^^ cm~  ^ fo r  s in g le ts  a t  1 t o r r ,  
12 - 38 X 10 cm fo r  t r i p l e t s  a t  2 to r r )  fo r  cu rren ts  above 10 - 20 mA.
The sa tu ra te d  t r i p l e t  m etastab le  den sity  a t  1 to r r  i s  in  c lose  
agreement w ith the  re s u lts  o f Kruse (21) who measured the  d en sity  by 
.Rozdestvensky's 'hook' method in  a 1 cm bore tube w ith  c u rre n t d e n s it ie s  
in  the range 0 - 650 mA cm ^ . Assuming th a t  the E/p value fo r  both 
experiments i s  the same, cu rre n t den sity  i s  the most im portant sca lin g  
param eter since i t  is  p ro p o rtio n a l to  the e lec tro n  d e n sity . The 
sa tu ra te d  t r i p l e t  m etastab le  d en sity  found by Kruse was (6 .0  2  Ü.5) x 
10^ '^ cm  ^ fo r  cu rren t d e n s it ie s  above 200 mA cm”^, which i s  s im ila r
3.7
to  the p re sen t value o f  6.2 x cm'”  ^ fo r  cu rren t d e n s it ie s  above 
560 niA cm The d iffe ren ce  in  the cu rren t d e n s it ie s  a t  whicli the 
m etastab le  d e n s it ie s  s a tu ra te  i s  due to  the d if fe re n t  tube diam eters 
and tlie consequent d iffe ren ce  in  d iffu s io n  lo sses  fo r  the m etastable 
sp ec ie s . Kruse ob tained  re s u l ts  a t  only one p re ssu re , so fu r th e r  
comparison is  no t p o ss ib le .
At p ressu res  g re a te r  than 2 t o r r  the  reduced m etastab le  d e n s it ie s  
show an apparent decrease w ith  in c reasin g  cu rren t (F igs. 3 ,5 , 6 ).
I f  th is  decrease rep resen ts  a re a l  decrease in  the m etastab le  populations 
i t  in ^ lie s  th e  ex istence  o f  a d e s tru c tio n  process fo r  m etastable species 
which is  p ro p o rtio n a l to  the e le c tro n  d en sity  ra is e d  to  some power 
g re a te r  than u n ity . A search  o f  the l i te r a tu r e  (see follow ing sec tio n ) 
showed th a t  no such process i s  loiown. Thus, o th e r reasons fo r the  
decrease must be considered -  in  p a r t ic u la r  the  e f fe c ts  o f changes in  
the Doppler w idth, gas pumping e f fe c ts  along the tube, and the 
in fluence  o f  s ig n if ic a n t  populations in  the upper le v e ls  o f  the tra n s i t io n s
a t  which absorption is  measured.
C oc -J:0 AvSince « y i— (equation 2 .5 ) ,  increases in  the  Doppler w idth" d
o f the tra n s it io n s  as tlie cu rre n t i s  increased  would lead  to  a reduction  
in  the  measured ab so ip tio n , which could be in te rp re te d  as a decrease 
in  the  m etastab le  p o p u la tio n s . However, i t  has a lready  been shown 
(sec tio n  2.6) th a t  the Doppler w idth o f the t ra n s i t io n s  is  approxim ately 
constan t over the range o f  cu rren ts  considered here .
Gas pumping e f fe c ts  (22) in  the c a p il la ry  d ischarge could reduce 
the number density  o f helium ground s ta te  atoms in  the absorp tion  
region a t  h igher c u rre n ts , thus giving r is e  to a decrease in  m etastab le 
sp e c ie s . To t e s t  fo r  pumping e f fe c ts  a re tu rn  path  was provided 
between the anode and cathode side-arm s. A valye in  th is  path  enabled 
the abso ip tion  to  be measured w ith  the re tu rn  path  open o r c lo sed .
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At. 5 to r r  and 140 mA no change was observed in  the absorp tion  when 
the valve in  the  re tu rn  patli was opened. Thus gas pumping e f fe c ts  and 
changes in  the Doppler width are  no t responsib le  fo r  the  apparent 
decrease in m etastab le  d e n s it ie s .
The in fluence  o f upper le v e l e f fe c ts  can be examined by considering  
the absorp tion  re s u l ts  fo r  the  s in g le t  m etastable d en sity . There is  
s u f f ic ie n t  l ig h t  in te n s i ty  w ith  tlie p re sen t experim ental arrangement 
to  measure the absorp tion  on the  helium tra n s i t io n s  a t  3965% and 
5016% which have the 2 lower le v e l in  common. Denoting the 5016% 
lin e  by and the 3965% lin e  by A^, the  r a t io  o f  the  absorp tion  
c o e f f ic ie n ts  a t  l in e  cen tre  fo r  the two lin e s  may be w ritte n
k„ a/  (1 -  N(.fr)/.'5NJ' ' ~ ■ ■>> A ' ...— ----- -—------- (3,2)
k / 2  ^2 % .  a - N r d ? 3 / 3 N p
1 1where A are the E in s te in  c o e f f ic ie n ts  o f the  t r a n s i t io n s ,  N(3 P ,4 ”P) A^yAg
are tlie populations o f  the  upper le v e ls  o f these  t r a n s i t io n s ,  is  the
s in g le t  m etastab le  d e n sity , and the  fa c to r  3 i s  the r a t io  o f the
s t a t i s t i c a l  weights g (3 ,4^P )/g (2^S ).
In the absence o f s ig n if ic a n t  populations in  the upper le v e ls ,
o r i f  they are equal, the l a s t  q u o tien t on the r ig h t  hand s id e  of
equation (3.2) has the value 1, and the  r a t io  o f  the absorp tion
c o e ff ic ie n ts  ( s u b s t i tu tin g  fo r A. « and A ) is  3 .7 , In F ig , 3.71,Z A%^ 2
the experim entally  determ ined values o f th is  r a t io  are p lo t te d  as a
function  o f  cu rren t fo r  various helium p re ssu re s . The e rro rs  fo r  each
p o in t may be as high as 20% since  two q u a n ti t ie s ,  each loiown to  10%,
are d iv ided . Even so , a t  the  h igher p ressu res the  reduction in  the
ra t io  from the th e o re t ic a l  value o f 3,7 in d ic a te s  th a t  the  upper le v e l
1populations are becomipg comparable to  the  population  o f  the 2 S 
me ta s  tab le  le ve 1.
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I f  the r a t io  o f  the  tenus involving upper le v e l populations in  
equation (3.2i) i s  approximated as fo llo w s,
l - N ( 3 b ) / 5 N ^  ■
1 -  N(41P3/3N^
.  (1 .  ^  _ H id D ) )  (3 .3 ) ,
then th e  reduction  in  /k^  by approxim ately one t l i i r d  a t  10 to r r
(Fig. 3.7) im plies th a t ,  a t  th is  p re ssu re , N(3^P) -  N(4^P) N^. Tlius
N(3^P) and N(4^P), w hile d i f f e r e n t ,  are  in d iv id u a lly  o f  the o rder o f
The spontaneous em ission in te n s i t ie s  a t  5016% and 3965%, measured
a t r ig h t  angles to  the ax is o f  th e  tube to  minimise ab so rp tio n , are
1 1d ire c tly  p ro p o rtio n a l to  N(3 P) and N(4 P) re sp e c tiv e ly . From measured
1 1spontaneous em issions N(3 P) and N(4 P) are seen to  in crease  by a fa c to r
o f  2 as the p ressu re  is  reduced from 10 to  2 to r r  a t  a cu rren t o f  100 mA.
At the same time in c reases  by a fa c to r  o f about 3. Thus, a t  the  lower
p re ssu re s , N(3^P) and N(4^P) are s t i l l  comparable to  N . The value o f 
^1 ^2k^ /k^  a t tlie lower p ressu res  i s  very c lose  to  i t s  th e o re tic a l
1 1value o f 3 .7 . Thus N(3 P) and N(4 P) must be approxim ately equal a t  
th is  p re s su re .
For the  sake o f  argument the  spontaneous em ission in te n s i t ie s  a t  
5016% and 3965% have been norm alised so th a t  N(3^P) equals N(4^P) a t 
1 t o r r  and 100 mA. The norm alised popula tion  d e n s it ie s  are shown in  
F igs. 3 .8 , 9 as a fu nc tion  o f  c u rre n t and helium p re ssu re . By m u ltip ly in g  
N(3^P) and N(4^P) by a sc a lin g  fa c to r  so th a t  a t  10 to r r  N(3^P)-N(4^P) 
is  equal to  N^, tire p ressu re  v a r ia tio n  o f  N(3 P ), N(4 P) and may be 
d isp layed  on the one graph (F ig. 3.10) and approximate values fo r  
N(3,4^P) derived .
InF ig . 3.10 tlien i l l u s t r a t e s  the p ressu re  behaviour o f  k^ ' /k^ ,
1 1 1whose d ev ia tion  from 3.7 i s  p ro p o rtio n a l to  ^ (N (3  P) - N(4 P ) ) .
m
3.10
N(4^P) i s  seen to  read i a maximum value in  the p ressu re  region 1-2 t o r r
and then decrease. N(3^P), however, shows a broad maximum in  the range
2-6 to r r  and then decreases, bu t more slowly than N(4^P). For p ressu res
1 1le ss  than 2 to r r  th e re  i s  l i t t l e  change in  N(3 P) -  N(4 P) while above
2 to r r  th is  d iffe ren ce  s te a d ily  in c reases witlr p re ssu re . N i s  a
A. X?decreasing function  o f p ressu re  so th a t  the d ev ia tio n  Ic^  /k^ from
i t s  value of 3.7 s te a d ily  in c reases  witli p re ssu re , as is  seen in  F ig . 3 .7 .
The cu rre n t dependence o f the norm alised spontaneous em issions
(Fig. 3.8) shows th a t  the d iffe ren ce  N(3^P) - N(4^P) is  almost constan t
A-| ^2in  the  range 100 -  200 mA. Thus the  r a t io  /k^  i s  constan t
w ith  cu rre n t over th is  range, as i s  seen in  Fig. 3 .7 . There should,
A, Anhowever, be le s s  d ev ia tio n  o f  k^ /k^ a t  SO mA from i t s  th e o re tic a l  
value til an is  observed. This i s  p o ss ib ly  due to  tlie e rro rs  in  tlie 
experim ental p o in ts .
In p r in c ip le ,  fu r th e r  use can be made o f th e  spontaneous em ission 
measurements to determine absolu te  values o f  tlie upper le v e l populations 
according to  the follow ing method. The spontaneous em ission in te n s ity , S, 
fo r  each lin e  is  re la te d  to  the  population  o f  the upper le v e l o f the 
tn m s it io n  by
N(4^P) = K(3965) S(3965)
1 (3.4)N(3TP) = K(5016) S(5016)
where, fo r  the two l in e s ,  K(3965,5016) are c a lib ra t io n  constan ts  which
depend on viewing geometry, tlie transm ission  o f  the  discharge tube w a ll,
the s e n s i t iv i ty  o f  the  m onockrom ator-photom ultiplier arrangem ent, the
frequency o f  the  lin e s  and the  E in s te in  c o e f f ic ie n ts .
S u b s titu tio n  o f equation (3.4) in to  equation (3.1) fo r the  two
tra n s i t io n s  and re -a rran g in g  the re s u ltin g  equations gives
K(5016) S(5016) - K(3965) S(3965) = 3n(3965) -  3n(5016) (3 .5)
wliere tlie fa c to rs  o f 3 take account o f  the  r a t io  o f  s t a t i s t i c a l  weights
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of the le v e ls . I t  is  tlien p o s s ib le , in  theory , to  evaluate  the constan ts  
K(5016,3965) and thus to  determine the upper and lower lev e l populations 
abso lu te ly  by comparing measured values fo r  n and S under (a t  le a s t  two) 
d if fe re n t  experim ental co n d itio n s .
A computer programme was w ritte n  to  s e le c t  each p a i r  o f re s u lts  
from those talcen under th i r t y  s ix  d if f e r e n t  experim ental conditions 
(SO - 200 mA, I - 7 to r r )  and to  c a lc u la te  the appropria te  co n stan ts .
The r e s u l ts ,  however, showed th a t  the  e rro rs  in  the reduced number 
d e n s it ie s  (+_ 10%) allowed only o rder o f magnitude estim ates to be made 
o f the conSt a i t s , s ince  the  r ig h t hand s ide  o f equation (3.5) i s  a 
sm all d iffe ren ce  between two la rg e  q u a n ti t ie s ,  w ith consequent la rge  
e r ro rs . The estim ates  suggest 3^P and 4^P populations o f the  o rder 
o f  10^^ cm as expected, fo r d ischarge cu rren ts  around 150 mA in  
a d ischarge a t  4 to r r .
Because o f the  large e rro rs  in  the values ob tained  fo r  the 
c a lib ra t io n  constan ts s in g le t  m etastab le d e n s it ie s  have n o t been e x tra c te d  
e x p l ic i t ly  from the  reduced nuunber d e n s it ie s  shown in  Fig. 3 ,6 . However, 
ap ar t from the apparent decrease w ith inc reasin g  cu rren t a t  h igher p re ssu re s , 
which is  explained  by the  e f fe c ts  o f  s ig n if ic a n t  upper le v e l pop u la tio n s , 
the p r in c ip a l fea tu res  o f the  reduced number d en sity  r e s u l ts  are 
determined by changes in  tlie population  o f  the  m etastab le  le v e ls .
Since th e re  was in s u f f ic ie n t  l ig h t  in te n s i ty  to  measure tlie t r i p l e t  
m etastable density  by absorp tion  on any lin e  o th er than th a t  a t 3889%, 
d e ta i le d  ev a lu a tio n  o f upper lev e l e f fe c ts  i s  no t p o ssib le  fo r  the  t r i p l e t  
s ta te s .  The general shape o f  the  reduced t r i p l e t  m etastable d e n s i t ie s ,  
however, suggests s im ila r  behaviour to  the s in g le ts .
Absorption measurements tran sv erse  to  the  discharge were a lso  
c a r r ie d  out using a c e l l  which had had p a r t  o f i t s  c y lin d ric a l wall 
ground away on opposite  s id es  and rep laced  by o p tic a lly -c o n ta c te d  quartz
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f l a t s ,  thereby removing the lens e f fe c ts  o f the tube w a ll. The 
absorp tion  leng th  was 5 mm (the tube d iam eter). S in g le t and t r i p l e t  
m etastable d e n s it ie s  ob ta ined  from measurements w ith  th is  tube showed 
a s im ila r  func tiona l dependence on discharge param eters to  the d e n s it ie s  
obtained  from measurements along the tube a x is , w hile the d e n s it ie s  
ob tained  from absorp tion  in  the  tran sv erse  d ire c tio n  were a fa c to r  o f 
two h igher than those ob tained  from absorp tion  along the  a x is . In view 
o f th e  d if f e r e n t  s p a t ia l  averages in  the  two cases, and the v a ria tio n  
(which was no t taken in to  account) o f  the transm ission  o f  the quartz  
window due to  d ischarge damage on the  su rfa ce , such d iffe ren ces  in  
absolu te  value are n o t unexpected.
5.4 D iscussion fo r  the  Case o f  a Pure Helimn Discharge
Since the processes in  the d ischarge determ ining s in g le t  and 
t r i p l e t  m etastab le  s ta te  d e n s it ie s  are  mostly s im ila r , a tte n tio n  w il l  
be r e s t r ic te d  in  th is  d iscussion  to  a c lo se r  co n sid era tio n  o f  the 
t r i p l e t  s ta te  po p u la tio n . In the case o f the  pure helium discharge tJie 
e x c ita tio n  and d e s tru c tio n  processes determ ining the  population  o f  
the  t r i p l e t  m etastab le s ta te  are g en era lly  w ell documented.
The e x c ita tio n  process i s  through e lec tro n  c o ll is io n s  w ith the 
helium ground s ta te  atoms lead ing  e i th e r  to  d ire c t  e x c ita tio n  o f the  
m etastable s ta te  o r to  e x c ita tio n  to  h igher s ta te s  w ith subsequent 
ra d ia tiv e  decay to  the  m etastab le s t a t e .  D estruction  o f  the t r i p l e t  
m etastab les can talte p lace  by d iffu s io n  to  the tube w a lls , by c o ll is io n s  
w ith ground s ta te  helium atoms, by c o ll is io n s  w ith  e lec tro n s  o r  
c o ll is io n s  between the  m etastab le  atoms. Tlie ra te  equation d esc rib in g  
the population  is  th e re fo re  o f the  form
“ '"'o "e  -  \   ^  ^ “ o -  ’''m '"e ■  ^ " °  (3 -G)
where N^, and n^ are the d e n s it ie s  o f the helium  ground s ta te  atoms, 
t r i p l e t  m etastable species and e lec tro n s  re sp e c tiv e ly , is  the
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c h a ra c te r is t ic  d iffu s io n  time fo r  the m etastab les and the  c o e ff ic ie n ts  
a , 3, Y, and 6 describe the  o th e r processes l i s t e d  above.
The c o e f f ic ie n t a desc rib in g  the  e lec tro n  e x c ita tio n  is  o f  the  form 
a = <a(Vg)Vg>
where the  b rackets  < > denote the average over the  e le c tro n  energy 
d is tr ib u tio n  and a(y^) is  a composite c ro ss-se c tio n  describ ing  both 
d ire c t  and in d ire c t  e x c ita tio n  to  th e  m etastable s ta te  as a function  
o f  the  e lec tro n  v e lo c ity , v^* C ross-section  da ta  fo r  the  e x c ita tio n  
o f m etastable and h ig h er s ta te s  o f helium by e lec tro n  c o l l is io n  witli 
ground s ta te  atoms have been reviewed by Corrigeai and von Engel (23) 
and M ille r e t  a l (24 ), w hile e lec tro n  energy d is tr ib u tio n s  in  helium 
have been c a lc u la te d  by Smit (25) , Heylen and Lewis (26) , Reder and 
Brown (27), and E n g lert (28) fo r  the  range o f E/p values o f  in te r e s t  
here (5-20 V cm ^ t o r r  ^ ) . The composite c ro ss -se c tio n  r is e s  ra p id ly  
to  a mean value o f about 3 x 10 cm  ^ ju s t  above th resh o ld  (20.4 eV) 
while the f ra c tio n  o f  e lec tro n s  w itli energ ies g re a te r  than  20 eV can be 
derived  from tlie d is t r ib u t io n  function  as approxim ately 6 x 10 ^(E /p-4) 
fo r  E/p values between 5 and 20 V cm  ^ t o r r  The c o e f f ic ie n t fo r  
e le c tro n  e x c ita t io n , a ,  i s  th e re fo re  approxim ately 5 x 10 ^^(E/p-4) cm^ s ^
Phelps (29) has determ ined m etastab le  d iffu s io n  r a te s ,  and fo r
the  3 iim'i diam eter tube used here tlie c h a r a c te r is t ic  d iffu s io n  time ,
Tg, is  approxim ately 3 x 10  ^ p s ,  where p is  the  helium f i l l i n g  p ressu re  
in  to r r ,
Phelps (29) has a lso  s tu d ied  the  c o l l is io n a l  d e s tru c tio n  o f  the  
t r i p l e t  m etastab le s ta te  tlirough c o ll is io n s  w ith ground s ta te  helium .
There is  no evidence tlia t the  two body p rocess.
He(2.^8) + He 2 He,
occurs, w hile fo r the  p ressu re  range o f  in te r e s t  here the th ree  body
p ro cess ,
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HeC2.^S) + 2 He He* + He, 
i s  in s ig n if ic a n t  compared to  the  d iffu s io n  lo s s . The tl i ird  term in  
equation (3.6) can th e re fo re  be ignored.
E lec tro n ic  d e s tru c tio n  o f  the t r i p l e t  m etastab les is  p r in c ip a lly
through io n iz a tio n  (30). The c ro ss -se c tio n  fo r de-e x c ita t io n  back to
the ground s t a t e ,  derived  from the  e lec tro n  e x c ita tio n  c ro ss -se c tio n  by
d e ta i le d  balancing  (31), i s  an o rd er o f magnitude sm aller than the
io n iz a tio n  c ro s s -s e c tio n , w hile e x c ita tio n  to  h igher Hel t r i p l e t  s ta te s
can be neg lec ted  since ra d ia tiv e  decay from these  s ta te s  is  predom inantly
back to  the t r i p l e t  m etastab le  s f a te .  By combining the  c ro ss -se c tio n
determined by Long and Geballe (30) w ith  the e le c tro n  d is t r ib u tio n
d a ta  p rev iously  mentioned the io n iz a tio n  c o e f f ic ie n t ,  y , is  c a lc u la te d
as 6 X 10  ^ oi? s approxim ately independent o f  E/p in  the range 
-1 -15 - 20 V cm to r r  . I t  has been mentioned (32) th a t  the  d e s tru c tio n  
ra te  o f m etastab les by e le c tro n  c o ll is io n s  leading  to  io n iz a tio n  may be 
h igher than the above value by a fa c to r  o f up to f iv e  when stepw ise, in  
ad d ition  to  d i r e c t ,  io n iz a tio n  i s  taken in to  account, At p re se n t, 
however, no pub lished  r e s u l ts  are  a v a ila b le . This h igher ra te  o f 
lo ss  tlirough io n iz a tio n  would lead  to  a reduction in  the  f in a l  value 
o f the  s a tu ra te d  m etastab le  d e n s ity , and the  cu rre n t a t  which s a tu ra tio n  
occurs, by the  same fa c to r .
More d i f f i c u l t  to  estim ate  is  the  ro le  o f e lec tro n  c o ll is io n s  in  
destroy ing  the t r i p l e t  s ta te  by converting  i t  to  the s in g le t  m etastab le  
s t a t e . Morrison and Rudge (33) have c a lc u la te d  c ro ss-se c tio n s  as a 
function  o f  e le c tro n  energy, as w ell as reviewing previous work. Values 
proposed by d if f e r e n t  in v e s tig a to rs  d i f f e r  by n e a rly  th ree  orders o f
magnitude fo r 1 eV e le c tro n s , making the  co n trib u tio n  o f  th is  e f fe c t  
to  the  c o e f f ic ie n t y between 10 and 10  ^ cm  ^ s ^ . The in fluence  03 
th is  process as a d e s tru c tio n  mechanism fo r t r i p l e t  m etastab les i s  to
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a c e r ta in  ex ten t o f f s e t  by the  reverse  process o f  s in g le t  to  t r i p l e t  
conversion, but since  s in g le t  d e n s it ie s  are between one q u a rte r  and 
one f i f t h  o f  t r i p l e t  d e n s it ie s ,  the  n e t e f f e c t  i s  s t i l l  a lo ss  process 
fo r  the  t r i p l e t  m etastab le  popu la tion .
M btastable-m etastable c o ll is io n s  leading  to  io n iz a tio n ,
He(2^S) + He(2^S) He + He"^  + e , 
can become a s ig n if ic a n t  lo ss  mechanism fo r  the  m etastab le  d e n s it ie s  
(10^^ - 10^^ cm involved h e re . The c o e f f ic ie n t 6 in  equation (3.6) 
has been determined by Phelps and Melnar (34), B ell e t  a l  (35), M ille r 
e t  a l (36) and Fugol e t  a l (37) as approxim ately 2 x 10 ^ cm  ^ s ^ a t  300 K.
I f  tlie various c o e f f ic ie n ts  in  equation (3 .6) are evaluated  
num erically , the  follow ing equation describ ing  the  t r i p l e t  m etastable 
population  is  ob tained :
(E/p -4)ngp = 2 X + 0 .3  p"^ + 6 x lO"^^ (3 .7 ) .
In th i s  equation the n e u tra l  d e n s ity , N^, has been s u b s ti tu te d  
using a gas tem perature o f 600 K and a p ressu re  equal to  the  tube 
f i l l i n g  p re ssu re . A lso, t r i p l e t - s i n g l e t  conversion is  ignored. In c lu sion  
o f th is  e f fe c t  i s  to  in crease  the l a s t  term on the  r ig h t  hand s id e .
Tlie e lec tro n  d en sity  in  the c a p il la ry  helium discharge o f the dimensions 
involved here can be summarised by (10)
ng(cm"^) A, l o l l  I(E /p)"^  (3.8)
where I is  the d ischarge c u rren t in  mA, and E/p is  measured in  V cm ^ t o r r   ^
S u b s titu tio n  o f  (3.8) in to  (3 .7) enables the m etastab le  den sity  to  be 
expressed pu re ly  as a func tion  o f  the  plasma param eters I and E/p as
N ^^6 I(E/p)"l + 30 p " l + 2 X lO 'lZ  N J  = 10^^(E /p-4)Ip(E /p)’ b  (3.9)
As the  cu rren t i s  increased  a t  constan t E /p , a p o in t is  reached 
when the f i r s t  term on the  le f t-h a n d  s id e  o f  equation (3.9) dominates 
over the o th e r two terms - ie  lo ss  o f  m etastab les by c o ll is io n s  w ith  
e lec tro n s  dominates over the o th e r lo ss  p rocesses. The m etastable
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popula tion  tlien s a tu ra te s  w ith  resp ec t to  discharge cu rren t a t  a value 
given by
(N ) « 2 X 10^2 Æ _ 43p  (3.10)
s a t  P
At a p ressu re  o f 2 t o r r ,  E/p is  10 V cm  ^ to r r  so th a t  the  
sa tu ra te d  t r i p l e t  m etastab le  population  p re d ic ted  by the above equation 
is  about 2 x 10^^ cm ^ in  reasonable agreement w ith  the  experim ental 
value o f  8 X 10^^ cm In fig u re  3.11 the function  (E /p-4)l is  p lo t te d  as 
a function  o f  helium p re s su re ,p , using  experim entally  determ ined E/p 
values app rop ria te  to  a 100 mA discharge in  a 3 mm bore c a p il la ry . 
Comparison o f  fig u res  3.11 and 3.3 shows, tlia t the experim entally  
observed pealc in  m etastab le popu la tion  w ith changing p ressu re  can be 
explained by the  e x c ita tio n  and d e s tru c tio n  processes described  by 
equation (3 .6 ) .
The tliresho ld  c u rre n t fo r  s a tu ra tio n  o f  the m etastab le  population  
can be p red ic ted  using equation  (3.9). I f  the m etastab le-m etastab le  
c o ll is io n s  are d isregarded  as a lo ss  process ( th is  w il l  lead  to  an 
underestim ate) then the m etastab le  population  s a tu ra te s  fo r  cu rren ts  
given by I ("} ( |)  .
At 2 to r r ,  th e re fo re , s a tu ra tio n  should occur a t  about 25 mA, 
w hile w ith  in c reas in g  p ressu re  the cu rren t a t which the  population  
s a tu ra te s  should rap id ly  decrease . This behaviour i s  i l lu s t r a t e d  by 
the re s u lts  in  F igs. 3 .4 , 5.
The behaviour o f  the  t r i p l e t  m etastab le  s ta t e  w ith  discharge 
conditions in  the pure helium  discharge is  th e re fo re  reasonably w ell 
described  by the  processes incorpora ted  in  equation (3 .6 ) .
A s im ila r  procedure may be app lied  to  estim ate  the population  
o f the 3^P lev e ls  in  helium . At 2 to r r  w ith d ischarge cu rren t 100 mA, 
is  6 x 10^^ cm  ^ (10), i s  6 x 10^^ cm  ^ and the  d en sity  o f 
s in g le t  m etastab les is  2 x 10^^ an ^ .
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Using the  c ro ss -se c tio n s  o f Corrigan and von Engel (23) and
van Eck and de Jongh (38), the  ra te  o f  d ire c t  e x c ita tio n  to  the  3^P
le v e l from the  helium ground s ta te  is  c a lc u la te d  as 2.6 x 10^^ cm ^ s
There is  a lso  a s ig n if ic a n t  pumping ra te  from the  s in g le t  m etastab le
le v e l ,  fo r  which Kim and Inoku ti (39) have c a lc u la te d  a c ro ss-se c tio n  
-15 2o f  ~ 10 cm fo r  e le c tro n  energ ies in  the  range 5 - 3 5  eV. The 
production ra te  fo r  th e  3^P s ta te  v ia  th is  process is  1.2 x 10^^ cm"^ 
Therefore tlie production  ra te  o f the  3^P le v e l ,  n eg lec tin g  ra d ia tiv e  
and c o ll is io n a l  cascade p rocesses, i s  4 x 10^^ cm ^ s"'^.
The p r in c ip a l decay o f  the  3^P lev e l is  v ia  the  ra d ia tiv e  
t r a n s i t io n  a t  5016& to  the  2^S le v e l (A v 10^ s ^ ) . The vacuum -ultra­
v io le t  t r a n s i t io n  a t  537% from the  3^P le v e l is  trapped  w ith a trapp ing  
fa c to r  'v.i0^(40) so th a t  the e f fe c t iv e  E in s te in  c o e f f ic ie n t  i s  ^0.2x10^ s~^. 
Talcing the 5016% ra d ia tiv e  patli as the  only method o f d e s tru c tio n  o f 
the 3^P lev e l gives th e  steady s ta te  population  o f  th e  3^P le v e l as 
4 x 10^^ cm ^ under the  s ta te d  co n d itio n s . This i s  in  poor agreement
w ith the values o f 10^^ cm ^ im plied by the absorp tion  measurements.
1The p resen t values o f  3, 4 P  populations are  supported by the 
r e s u l ts  o f Kruse (21) fo r  the  t r i p l e t  lev e ls  o f helium a t  1 to r r  under 
the d ischarge cond itions a lready  described  in  Section  3 .3 . Kruse found 
th a t  fo r  N(2^S) = 6 x 10^^ cm~  ^ the values o f N(3^D), N(2^P) and N(3^P) 
were 12 x 10^ '^ cm 8 x 10^^ cm ^ and 3 x 10^^ cm ^ re sp e c tiv e ly . The 
most l ik e ly  cause o f  the  discrepancy between measured and ca lc u la te d  
d e n s it ie s  o f  the 3^P le v e l i s  u n c e rta in ty  in  the  e x c ita tio n  c ro ss -se c tio n  
from the s in g le t  m etastab le  le v e l ,  fo r which only the one s e t  o f c a lc u la te d  
d a ta  i s  a v a ila b le .
1 1As the populations o f  the  3 P and 4 P ex c ited  helium le v e ls  are 
12 “3o f  the  o rd er o f  10 an , th e  populations o f o th e r helium le v e ls  w ith 
s im ila r  e x c ita tio n  energ ies  (3^S, 4^8, 2^P, 3^D, 4^D, 2^P, 3^P, 3^D, 3 ^8 .,)
I
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w ill  probably be o f th i s  o rder o f magnitude a lso . Summing over a l l  
th ese  s ta t e s ,  th e re  w il l  be a la rg e  d en sity  o f e x c ited  species w ith 
s u f f ic ie n t  energy to  io n ize  and e x c ite  cadmium atoms by Penning c o ll is io n s  
Thus the p o s s ib i l i ty  th a t  atoms in  these h igher hefium le v e ls , in  
ad d itio n  to  m etastab le sp ec ie s , co n trib u te  to the e x c ita tio n  o f the upper 
la s e r  le v e ls  in  the  cadmium ion cannot be excluded.
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Fig. .3.2 Schematic diagram o f  the absorp tion  experiment
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Fig, 3.3 The reduced t r i p l e t  m etastab le d e n sity ,
as a fu nc tion  o f helium p re ssu re . R esu lts  ' 
derived  from absorp tion  a t  3889^.
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Fig. 3.4 The reduced t r i p l e t  .m etastable  d e n sity , n , as a function  
o f d ischarge c u rre n t fo r  helium p ressu res  I -  1.5 to r r .  
R esults derived  from absorp tion  a t  3889%.
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Fig. 3.5 The reduced t r i p l e t  m etastab le  d en sity , n-^ggg, as a 
func tion  o f  d ischarge cu rren t fo r  helium pressu res 
2-7 t o r r .  R esu lts  derived  from abso ip tion  a t  3.889S.
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Fig. 3.6 The reduced s in g le t  m etastab le  d e n s i t ie s ,  ^5016  ^ ^
func tion  o f d ischarge cu rre n t fo r  helium p ressu res 
in  the range 0.5 7 7 to r r .  ' R esu lts  derived  from 
absorp tion  à t  50168.
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F ig . 3.7 The r a t io  o f the absorp tion  c o e f f ic ie n t a t  l in e  cen tre  fo r  
the 5016a ^ n e  to  th a t  fo r  the 3965a l in e  as a fm iction  
o f c u rre n t fo r  various p ressu res in  tlie pure helium 
d ischarge . The broken l in e  in d ic a te s  the  value o f 3,7 
expected in  the absence o f upper le v e l e f f e c ts .
F ig . 3 .8 , 3.9 Spontaneous em ission in te n s i t ie s  o f the 3965% and 50168 
l in e s  o f HeI as a- func tion  o f d ischarge cu rren t and helium 
p ressu re  re sp e c tiv e ly . The in te n s i t ie s  are p ro p o rtio n a l to  
the d e n s it ie s  o f  the 4 P (39658) and 3.1? (50168) le v e ls  of 
He I and have been norm alised such th a t  the d e n s it ie s  N(3^P) 
and N(4lp) are  equal a t  1 to r r  and 100 mA..
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Fig. 3.10 Popula tions o f the  2^S ( o ) , 3^P (©)' and 4^P (x)- le v e ls  o f 
B el, per u n it  s t a t i s t i c a l  w eight. The values fo r  the 2'^S 
density  are  from absorp tion  a t  5016^, w hile the 3^P and 
4^P d e n s it ie s  are  te n ta t iv e ,  based on the  arguments o f  Section  3.3
discharge current 100mA
helium pressure (torr)
Fig.' 3.11 The func tion  (È 4)p ag a in s t helium p re s su re , p , fo r aPdischarge in  a 3 mm bore tube.
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CHAPTER IV
EFFECTS OF CADMIUM VAPOUR 
ON THE METASTABLE POPULATIONS
4.2
4 .1 In tro  duct ion
When cadmium vapour is  in troduced  in to  the helium discharge by 
ca taphoresis  to  produce discharge conditions s im ila r  to  tlie ac tiv e  
medium o f tlie He-Cd l a s e r ,  two e f fe c ts  on the met as ta b le  d e n s it ie s  
are observed. F i r s t ,  the  m etastab le  d e n s it ie s  are reduced considerab ly , 
f a l l in g  to  almost h a l f  t h e i r  o r ig in a l  (no cadmium) values a t  the  optimum 
cadmium p a r t i a l  p ressu re  fo r  la s e r  o s c i l la t io n .  Second, the m etastable 
populations do no t now s a tu ra te  u n t i l  much h igher d ischarge cu rren ts  
(60 “ 120 mA) . The dianges in  m etastab le  d e n s it ie s  w ith  the p a r t i a l  
p ressu res o f helium and cadmium and the discharge c u rre n t are 
c o rre la te d  w itli th e  v a r ia tio n s  in  la s e r  output power a lso  a sso c ia ted  
w itli tliese param eters .
The r e s u lts  rep o rted  here  complement those o f S iI fv a s t  (41) 
who described  l in e  absorp tion  measurements in  a He-Cd discharge a t 
10 mA in  a 10 mm bore tube (v 10 mA cm ^) . While tlie measurements o f  
S i l fv a s t  provide info im ation  on the na tu re  o f the Penning c o ll is io n  
p ro cess , the  discharge cond itions are unlike those p e rta in in g  to  
He-Cd la se rs  where cu rren ts  o f  th e  order o f  150 mA are passed through 
tubes o f 3 - 5 mm bore (~1000 mA cm"^).
4.2 Cadmium N eutral Density
To allow  an unambiguous in te rp re ta t io n  o f  the l a t e r  re s u l ts  o f 
th is  chap ter i t  is  necessary  to  know tlie param etric  behaviour o f  
the den sity  o f  ground s ta t e  cadmium atoms. Accordingly the  absorp tion  
o f  the Cdl in tercom bination  resonance lin e  a t  3261& (5 ^P^ - 5 ^Sq) 
has been measured by the l in e  absorp tion  teclinique. Hie com plications 
in troduced by iso tope s tru c tu re  o f the  l in e  have been taken in to  
account by tlie methods described  in  Section  2 .7 .
The v a r ia tio n  o f  the  measured cadmium ground s ta t e  n e u tra l 
den sity  w ith oven tem perature i s  shown in  F ig . 4.1 fo r  sev e ra l values
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o f  helium p re ssu re . The tlie ore t i c a l  l in e  shown is  the number den sity
c a lc u la te d  (42) from the  measured oven tem perature and tlie id e a l
gas law s. The d iffe ren ce  between tlie measured and ca lc u la te d
d e n s it ie s  is  due to tem perature v a ria tio n s  in  the oven, so th a t  the
tlie rmo CO up le  may n o t measure the minimum tem perature in s id e  tlie oven.
F u rth e r , the  d e ta i ls  o f  th e  c a tap h o re tie  process a lso  a f fe c t  tlie r a t io
o f  the  number density  in  the  discharge tube to  th a t  in  the  oven.
F ig. 4.1 a lso  shows the  re la t iv e  values o f  the  spontaneous em ission
a t 4416&. The cadmium ground s ta te  atomic den sity  fo r  optimum la s e r  
13 -3power is  V 2 X 10 cm . Fig. 4 .2  shows the cu rren t dependence o f 
the cadmium ground s ta te  d e n s ity , again w ith  the 4416%. spontaneous 
emis s ion in c lu d ed .
The im portant conclusion to be drawn from F igs. 4 .1 , 2 is  th a t  
the  cadmium ground s ta t e  n e u tra l  d en sity  i s  determ ined p r in c ip a lly  
by the cadmium oven tem perature. The v a ria tio n s  w itli discharge c u rre n t 
and helium p ressu re  are s l ig h t .
4 .3  M etastable D ensities  in  the  Presence o f Cadmium Vapour
Typical re s u lts  fo r  the  v a r ia tio n  o f  the m etastab le  d e n s it ie s  
witli in c reas in g  cadmium p a r t i a l  p ressu re  (with d ischarge c u rre n t and 
helium pressu re  constan t ) are shown in  Fig. 4 .3 . T r ip le t  and s in g le t  
m etastable d e n s it ie s  decrease rap id ly  as tlie amount o f cadmium 
in c rease s . The presence o f cadmium in  the discharge has two p r in c ip a l 
e f fe c ts  :
( i)  The E/p value o f the  discharge decreases (F ig. 4 .4 )because 
the mean energy o f  the  e le c tro n s  is  reduced by in e la s t ic  c o ll is io n s  
w ith cadmium atoms. F u rth e r , the high energy t a i l  o f  the  e lec tro n  
energy d is tr ib u tio n  is  d ep le ted  due to  e x c ita tio n  o f low -lying energy 
le v e ls  o f  Cdl
( i i )  An ad d itio n a l lo ss  process fo r the helium m etastab le species 
is  in troduced  - tlie process o f  Penning io n iz a tio n .
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The ra te  o f Penning io n iz a tio n , R^, i s  given by
%  ° % d '  (4 .1)
where is  the cross sec tio n  fo r  Penning io n iz a tio n  and v the
re la t iv e  v e lo c ity  o f  the c o ll id in g  p a r t ic le s  and the  average < > is
over the therm al energy d is t r ib u t io n .  and are the d e n s it ie s
o f  the  helium  (s in g le t  o r  t r i p l e t )  m etastab les and the  ground s ta te
cadmium n e u tra l  atoms re sp e c tiv e ly . For the  t r i p l e t  m etastab les
the r a t io ,  f ,  o f  the  lo ss  o f  m etastab les by Penning processes to  the
lo ss  by e le c tro n  c o l l is io n  d e -e x c ita tio n  (tire dominant lo ss  mechanism
a f te r  s a tu ra tio n  in  pure helium) is  given by
<0 v> N,
- I S  2Using the value o f 4.5 x 10 cm found by Schearer and 
Padovani (6) and Riseberg and Schearer(7) fo r  th e  to ta l  d e -e x c ita tio n  
c ro s s -se c tio n  o f  helium  t r i p l e t  m etastab les by cadmium ground s ta te  
atoms, and p u ttin g  n^ v 10 cm , v 10 cm fo r  ty p ic a l la s in g  
co n d itio n s , f  i s  0 .1 . Thus Penning c o ll is io n s  do .not s ig n if ic a n tly  
a l t e r  the m etastab le  p o p u la tio n s . The decrease in  m etastab le d e n s it ie s  
is  due, th e re fo re , to  a decrease in  t h e i r  production  ra te  by e le c tro n  
c o l l i s io n s .
I f  tire e le c tro n  energy d is t r ib u t io n  in  the presence o f  cadmium 
were Imown, the  above e f fe c ts  could  be q u a n tif ie d . Vokaty and Masek (43) 
give some c a lc u la te d  d is t r ib u t io n s ,  bu t fo r  cond itions w ell removed 
from those approp ria te  to  a l a s e r .  However, they a lso  show the 
v a r ia tio n  o f  the  mean e le c tro n  energy Ë as cadmium i s  in troduced  
in to  the d ischarge . These data  cover the  range app ro p ria te  to  a 
la s e r  and from them a crude model o f  the  e f fe c ts  o f cadmium on the 
d ischarge may be co n stru c ted . I f  i t  is  assumed th a t  in  the  presence 
o f  cadmium the  f ra c tio n  o f  e le c tro n s  w ith energy g re a te r  than 20 eV 
is  la rg e ly  u n a lte red  ( i . e .  we underestim ate the e f fe c ts  o f cadmiun 
on the  e le c tro n  energy d i s t r ib u t io n ) , then the p roduction  ra te  fo r
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m e tastab les may be w r it te n  in  terms o f  Ë. From the  d a ta  o f  E ng lert (28), 
Smit (25), and Heylen and Lewis (26), the value o f E/p may be w ritte n
E /p  = 4E - 20 
fo r  ^  > 3 V cm  ^ t o r r   ^ .
The s a tu ra te d  m etastab le  d en sity  becomes from equation (3.10)
( V  s a t  = 8 X l o ' '  (Ê -  6)P, 
fo r  E > 6 eV. The v a r ia tio n  o f  Ë as cadmium is  in troduced in to  tlie 
discharge i s  shown in  F ig . 4a o f  Vokaty and Masek (43) fo r  various 
values o f E /p . Witli s ta r t in g  cond itions E/p = 6V cm ^ t o r r   ^ in  the 
absence o f cadmium Ê is  approxim ately 10 eV. When the  optimum cadmium
p a r t i a l  p ressu re  fo r  la s in g  is  p re sen t ( j^ ^  ~ 10 ^ ) ,  ^ i s  reduced
-1  -1  -  ^  to  5 V cm t o r r  and E to  ~ 8 eV. Thus the value fo r  (N ) . i s ^ m-^  s a t
reduced by a fa c to r  o f  approxim ately 2 by the presence o f tlie cadmium.
Since tlie la s e r  power a t  4416% from a He-Cd d ischarge follows
the  shape o f  the spontaneous em ission curve, the  power lim ita tio n s
must occur as a r e s u l t  o f l im ita tio n s  in  tlie pumping ra te  o f the upper
la s e r  le v e l ra tlie r  than through lower le v e l e f fe c ts  such as d ire c t
e le c tro n  e x c ita tio n  to  t l i is  le v e l o r  ra d ia tio n  trap p in g . To t e s t  fo r
ra d ia tio n  trap p in g , absorp tion  measurements were made on the 2265%
2 2(5 S^y2 “ 5 P^y2 Cdll) resonance t r a n s i t io n  from the  lower le v e l o f  
the 3250% la s e r  t r a n s i t io n  (which shows the same param etric  behaviour 
as the  4416% l a s e r ) . The absorp tion  observed over 3 cm was n o t la rg e , 
bu t care i s  needed in  in te rp re t in g  th is  because the motion o f  the 
ions in  the lo n g itu d in a l (and ra d ia l)  e le c t r i c  f ie ld s  o f  th e  discharge 
in troduces la rg e  Doppler s h i f t s  so th a t  the em ission and absorp tion  
p ro f i le s  do no t n e c e s sa r ily  co in c id e .
The e x c ita tio n  ra te  o f  the  CdlI upper la s e r  le v e ls  i s  given by 
equa tion  4.1 where is  now in te rp re te d  as the Penning c ro ss -se c tio n  
fo r the  in d iv id u a l le v e l under co n sid e ra tio n . F ig. 4 .3  shows th a t
i s  a decreasing func tion
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o f  the  oven tenpera tu re  w hile Fig. 4.1 
shows th a t  i s  an in c re a s in g  fu n c tio n . Thus the  pumping ra te  must 
e x h ib it a maximum as the  or|en tem perature is  in creased . The peak in
'4416% (Fig. 4.1) and the  a sso c ia ted  pealc 
in c reasin g  oven tem perature is  thus explained , 
le 4416% upper la s e r  le v e l by Penning
the  spontaneous em ission a t 
in  la s e r  ou tpu t power w ith  
Tlie optimum pump ra te  fo r  t  
c o ll is io n s  is  then v 3 x 10 cm ^ s ^ which im plies a steady s ta te
p er le v e l population  o f 6.6 x 10^^ cm ^
popula tion  o f  the upper la ^ e r  le v e l (assuming ra d ia tiv e  decay only) 
o f  2 X 10^^ cm This pop u la tion  i s  a minimum estim ate  since the 
e f fe c ts  o f  ra d ia tiv e  cascade and e lec tro n  c o ll is io n  e x c ita tio n  in to  
the  upper la s e r  le v e l have n o t been considered. The p resen t value fo r 
the  population  o f  the  upper la s e r  le v e l agrees reasonably w ell w ith  
the value fo r  the optimum up] 
measured by Hodges (44) u sing  a spec trom eter which had been c a lib ra te d  
fo r  absolu te in te n s i ty  raeasnrements.
lendence o f  m etastab le d e n s it ie s  and 4416% 
um p ressu re  (with fix ed  discharge cu rren t 
peàk i n  spontaneous em ission corresponds 
m s ity ;c u rv e s . Tliis i s  to  be expected
Fig. 4 .5  shows the  dep 
spontaneous em ission on h e li  
a id  oven tem p era tu re). The 
to  the peak in  m etastab le  de
since the n e u tra l cadmium d en sity  ;is n ea rly  independent o f  p ressu re  
(F ig. 4 .1 ) ,  so the p ressu re  dependence o f  the  Penning c o ll is io n  ra te  
is  the same as tlia t o f th e .m etastab les (Section 3 .3 ) .
The p ressu re  peak o f  m etastab le  d e n s it ie s  i s  d isp laced  to  h igher 
p ressu res than in  th e  pure helium discharge (F ig . 3 .3) because the p resen t 
experiments were performed w itli the tube open to  tlie vacuum system 
(of much la rg e r  volume) to  a].low the p ressu re  to  be v a ried  qu ick ly .
The pure helium re s u l ts  on tdie o th e r  hand were talcen w itli the tube 
c lo se d -o ff  from the vacuum system. Hie re  fo re , h ig h er helium  p ressu res  
are requ ired  to  o b ta in  >the same number density  o f helium atoms in  the
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ho t region o f  the d isd ia rg e  tube when the tube is  open to  the vacuum
system which is  a t  room tem perature. The displacem ent o f  tlie peak
to  h igher p ressu res  may a lso  be due to  the  changed production ra te  
o f  the m etastab le species when cadmium is  p re sen t such th a t  the pealc
production  ra te  need no longer occur a t  2 to r r .
The cu rren t dependence o f  tlie s in g le t  and t r i p l e t  m etastable 
d e n s it ie s  i s  shown in  F igs. 4 .6 , 7 fo r  two values o f  oven tem perature. 
With the sm aller amount o f cadmium in  the  discharge the m etastab le 
d e n s itie s  reach much h ig h er values a t  sa tu ra tio n  (which occurs a t  a 
lower cu rren t) than when more cadmium is  p re sen t. With the  sm aller 
amount o f  cadmium E /p  ( and hence Ë ) is  reduced by a sm aller amount 
than when the la rg e r  q u an tity  o f cadnium is  p re sen t. Thus the value 
o f the  s a tu ra te d  m etastable d e n s it ie s  i s  h igher w ith  le ss  cadmium 
p re se n t. F u rther, w ith  the  h ig h er oven tem perature, the f ra c tio n  o f high 
energy e lec tro n s  (> 20 eV) i s  reduced by in e la s t ic  c o ll is io n s  so th a t  
h igher cu rren ts  ( i . e .  h ig h er e le c tro n  d e n s it ie s )  are requ ired  to  reach 
s a tu ra tio n .
Mst as ta b le  d e n s it ie s  and 4416% spontaneous em ission are only 
wealdy dependent on cu rren t (fo r  example, in  Fig. 4.6 fo r  the  oven 
tem perature o f  250°C, th e re  is  a 10% v a r ia tio n  in  tiie t r i p l e t  m etastable 
d en sity  fo r  the  cu rren t range 60 - 160 mA). The broad maxima ex h ib ited  
by the m etastab le  d e n s it ie s  must be regarded w itli caution  since the 
apparent decrease a t  h igher cu rren ts  may s t i l l  be caused by upper 
le v e l e f f e c ts .  The weak dependence on cu rre n t o f  the spontaneous 
em ission a t  4416% (and the  corresponding behaviour o f la s e r  power) 
may be explained  by a s a tu ra tio n  o f  the Penning e x c ita tio n  o f  the 
upper la s e r  le v e l ,  s ince  a t  the  h igher cu rren ts  both m etastab le 
d e n s it ie s  and cadmium ground s ta te  n e u tra l density  are  independent o f 
c u r re n t .
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Thus th e  behaviour a t  4416% o f  the He-Cd la s e r  w ith  re sp ec t to  
i t s  th ree  im portant o p era ting  param eters i s  explained  by tlie behaviour 
o f  the  m etastab le  d e n s it ie s  and ground s ta te  cadmium atoms w ith  these 
param eters, w itli the  e x c ita tio n  ra te  o f  the upper la s e r  le v e l given 
by equation (4 .1 ) . These conclusions should be v a lid  fo r  o th e r m etal 
vapour systems (such as He-Zn and He-Se) in  which upper la s e r  lev e ls  
are populated  by Penning c o ll is io n s  between helium m etastab le species 
and ground s ta te  m etal atoms.
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Spontaneous em ission a t  4416a i s  shown fo r  comparison.
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Fig. 4.7 Reduced helium s in g le t  m etastab le  d e n s it ie s  \(and
spontaneous em ission a t  44168) as a function  o f cu rren t fo r  f ix ed  oven tem peratures and helium p re ssu re .
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CHAPTER V
PERTURBATION SPECTROSCOPY OF THE 
HELIUM - CADMIUM DISCHARGE
5,2
5.1 In troduction
Having described  th e  measurements o f helium  m etastab le  d e n s it ie s  
which are p e r tin e n t to  the c a lc u la tio n  o f  e x c ita tio n  ra te s  fo r  the  
44168 upper la s e r  le v e l o f  Cd I I  the ap p lica tio n  o f  the teclinique o f 
p e r tu rb a tio n  spectroscopy to  the  He-Cd la s e r  system i s  now considered . 
This experiment a llo w s, i n te r  a l i a  , the  determ ination  o f  the non- 
ra d ia tiv e  d e s tru c tio n  ra te  o f  the  upper la s e r  le v e l .
In  a gas discharge the populations o f the e x c ited  s ta te s  o f  the 
gas (or gases) are determ ined by tlie re lev an t c re a tio n  and re la x a tio n  
ra te s  fo r  c o l l is io n a l  and ra d ia tiv e  p ro cesses . I f  the  d ischarge (in  
an app ropria te  o p tic a l  cav ity ) supports la s e r  o s c i l la t io n  on a 
t r a n s i t io n  between two energy le v e ls ,  s tim u la ted  em ission in troduces 
an ad d itio n a l re la x a tio n  process fo r  the upper la s e r  le v e l and may 
in troduce an a d d itio n a l popu la ting  process fo r  th e  lower la s e r  le v e l .  
Thus, i f  tlie la s e r  f i e ld  i s  sw itched on and o f f  w ith in  the c av ity  only 
the  populations o f  the  upper and (possib ly) lower la s e r  le v e ls  are  ^
d i r e c t ly  p ertu rbed . I f  the  s id e l ig h t  spectrum is  scanned fo r synchronous 
changes in  the  in te n s i t ie s  o f o th e r sp e c tra l l in e s  the re su ltin g  
p e rtu rb a tio n  spectrum can be used to  in d ic a te  c o l l is io n a l  o r ra d ia tiv e  
coupling mechanisms in  tlie d ischarge . Tliis technique has been 
app lied  to  the He-Ne la s e r  (45 -  52), the Xe la s e r  (53), the 
la s e r  (54) and the Ar ion  la s e r  (55).
This chap ter d esc rib es  the  ap p lica tio n  o f  the  technique o f 
p e r tu rb a tio n  spectroscopy to  the  helium cadmium la s e r  d isch a rg e .
Chopping the  4416& (5s^ ^^5/2 " ^^3 /2 ’ Cdll) la s e r  f i e ld  in  the
c av ity  gives r is e  to  dianges in  s id e - l ig h t  in te n s i ty  o f  the  lin e s  a t  
21448 (5p -  4s Zg^yg, CdlI) and 32508 (5s^  ^ _ Sp C dll)
as w ell as a t  44168. From the  p e rtu rb a tio n s  a t  44168 and 21448, the 
r a t io  o f the  ra d ia tiv e  to  n o n -rad ia tiv e  decay ra te s  fo r  the  upper la s e r
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le v e l may be determ ined, as w ell as th e  r e la t iv e  e x c ita tio n  ra te s  o f
tlie upper and lower la s e r  l e v e l s . P e rtu rb a tio n s  a t  32S08 may be used
2 2to  o b ta in  the  r e la t iv e  pumping ra te s  to  th e  5s Dgy2 le v e l o f Cdll
2 2 2from tlie upper and lower la s e r  le v e ls  (5s D^yg, 5p P^y^ re sp ec tiv e ly ) 
by e lec tro n  c o l l i s io n s .
5.2 P relim inary  C onsiderations
Before describ ing  the  experim ental arrangement sev e ra l background 
fa c to rs  necessary  fo r the  in te rp re ta t io n  o f  the r e s u l ts  w il l  be 
d iscussed . These fa c to rs  are :
(a) s p a t ia l  an iso tropy  in  the  s id e l ig h t  em ission
(b) c a lib ra t io n  o f th e  o p tic a l  system fo r the  range 20008 -45008.
5 .2 .1  S p a tia l A nisotropy in  the  S id e lig h t
As the la s e r  system used in  th is  experiment was f i t t e d  w ith  
Brews te r-a n g le  window g , the  la s e r  ra d ia tio n  f ie ld  was p o la riz ed . Thus 
the symmetry o f  the system about the tube ax is i s  removed (56 ,59).
In  the absence o f  a magnetic f i e ld  the  q u an tiza tio n  ax is is  along the 
e le c t r i c  f ie ld  d ire c tio n  o f the  ra d ia tio n  (57) and so changes in  the 
populations o f  th e  la s e r  le v e ls  are  ex c lu siv e ly  generated  v ia  it 
t r a n s i t io n s  (58) (fo r  which Am^  = 0 , where mj is  the magnetic quantum 
number). This re s u lts  in  a p a r t i a l  alignment o f the  ions in  the 
la s e r  le v e ls .  Owing to  th is  p a r t i a l  alignm ent, changes in  the  s id e ­
l ig h t  may depend on the angle o f observation  re la t iv e  to the p o la r iz a t io n  
d ire c tio n .
At tlie p ressu res  used in  the  experiment (2-12 to r r )  c o l l is io n a l  
t r a n s fe r  w ith in  the  mj sub levels may destroy  the alignm ent, bu t d e ta i ls  
o f  such processes fo r  the  He-Cd la s e r  are unlcnown. However, the 
problem o f  s p a t ia l  an iso tropy  may be avoided by the  follow ing considera tions 
The s id e l ig h t  in te n s i ty  o f  any l in e  comprises a m ixture o f  tt and 
a tra n s i t io n s  (Amj = 0 , ^  1 re sp ec tiv e ly ) due to  the  s tru c tu re  o f the
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magnetic sub leve ls  o f the  le v e ls  between which the t r a n s i t io n  occurs. 
Because o f  the p a r t i a l  alignm ent o f  th e  ions by tr a n s i t io n s  induced by 
the  la s e r  ra d ia tio n , the r e la t iv e  p roportions o f  tt and a tra n s i t io n s  
in  the  s id e l ig h t  in te n s i ty  w il l  be a l te re d . This im plies an angular 
d is t r ib u tio n  in  the in te n s i ty  change, A l(e ), measured in  a plane 
perpend icu lar to  the d ire c tio n  o f  propagation o f the  p e rtu rb in g  
ra d ia tio n , which may be w ritte n
Al(e) = A sin^e + B cos^e (5.1)
9 2since  a ,ir t r a n s i t io n s  have cos e , s in  9 d is tr ib u tio n s  re sp ec tiv e ly  
where e is  the  angle between the  q u an tiza tio n  axis and the  d ire c tio n  
o f  ob serv atio n . A and B are the  app ropria te  maximum in te n s i t i e s .
Equation 5.1 may be rew ritten  as
Al(e) = A + .(B -  A) cos^e 
The mean change in  s id e l ig h t ,  Al i s  then given by in te g ra tin g  
Al(e) over e to  ob ta in
AI = r  y  AlCe) de = A + -  A) (5.2)
0
Thus, i f  Al(0) i s  measured fo r  6 = 45° ( ie  cos^e = i)  , tlie measured 
Al(0) is  equal to  the  s p a t ia l  average, AI. Thus the e f fe c ts  a r is in g  
from s p a t ia l  an iso tropy  are removed and the measured q u a n titie s  are 
p ro p o rtio n a l to  the to ta l  popu la tion  changes.
The la s e r  to  be d iscussed  in  Section 5.3 had the  plane o f i t s  
B rew ster-angle windows ro ta te d  about the  tube axis by 45° from the 
v e r t ic a l .  Thus a l l  the a n c il la ry  apparatus could be h o riz o n ta l w hile 
observing the tube a t  an angle o f 45° to  the p o la r iz a t io n  d ire c tio n  o f 
the  la s e r  f ie ld .
5 .2 .2  C a lib ra tio n  o f the  O p tica l System
As p e rtu rb a tio n s  were expected a t  21448 and 44168 the o p tic a l 
d e tec tio n  system was c a lib ra te d  fo r  r e la t iv e  in te n s i ty  measurements
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over th e  range 20008 - 40008 and a t  44168. The sources fo r  continuous 
ra d ia tio n  over th is  range were two deuterium lamps w ith  quartz  envelopes 
(l-Ianufacturers Supply Co Type DF5S) which had been c a lib ra te d  a t the  
N ational Physical Laboratory (the u ltim ate  standard  fo r the c a l ib ra t io n  
being synchrotron ra d ia tio n  from an e lec tro n  a c c e le r a to r ) . The lamps 
were c a lib ra te d  fo r  r e la t iv e  in te n s i ty  measurements in  two circum stances - 
f i r s t  w ith  the lamp ra d ia tin g  d ire c t ly  in to  a spectrom eter, ^nd second, 
w ith  a UV achromat (Carl Zeiss f  -  150 mm) imaging the  lamp, the  image 
being e f fe c t iv e ly  a secondary source which was then c a lib ra te d .
Using one laanp, the p re sen t spectrom eter -  p h o to m u ltip lie r system 
was c a lib ra te d  fo r  r e la t iv e  s e n s i t iv i ty  both w ith  and w ithout the  le n s .
The s e n s i t iv i ty  constan ts  ob ta ined  from both methods agreed to  2  5%.
The relative se n s it iv it ie s  at 44168, 21448 and 52508 were 1, 
respectively.
I t  i s  found th a t  the  quartz  w alls o f  m etal-vapour la se rs  develop 
a dark deposit during o p e ra tio n . As th is  d ep o sit may have varying 
transm ission  a t  tlie wavelengths o f  in te r e s t  h e re , an arrangement must 
be provided to  m onitor the  transm ission  o f  the  tube w alls during the 
course o f  the  experim ent. The tube i t s e l f  i s  described  in  the  next 
sec tio n  - only the  measurements o f  the  transm ission  o f the  tube w alls 
are described  in  th is  s e c tio n .
With the deuterium  lamp on the side  o f the  tube opposite  tlie 
spectrom eter (F ig. 5 .1 ) , a second UV achromat (Carl Zeiss f  - 75 mm) 
was used to  image the lamp onto a s top  a t  the tube w a ll. This stop  
acted  as a second source, and was imaged onto the  spectrom eter s l i t  
w itli the  c a lib ra te d  f  = 150 mm achromat. A reference  spectrum from 
the deuterium lamp was then talcen before  any discharge was run in  
the tube. At various s tag es  fu r th e r  sp ec tra  were talcen. At a chosen 
wavelength the  r a t io  o f  the  l a t e r  s ig n a l to  the  refe rence  s ig n a l gave
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the change in  the  f r a c t io n a l  transm ission  o f  the  two w alls  o f  the tube 
due to  degradation  o f th e  su rfa ce . The square ro o t o f  tlie f r a c tio n a l 
transm ission  fo r  both  w alls  gave tlie f ra c tio n a l transm ission  o f  one 
w a ll. A fte r  sev e ra l hours o f  op era tio n  w ith  the  He-Cd discharge the 
transm issions a t  3250& and 21448 were reduced to  70% and 60% re sp ec tiv e ly  
o f  th a t  a t  44168.
Thus the o v e ra ll system was c a lib ra te d  as th e  w all transm ission  
could be m onitored and th e  len s-sp ec tro m ete r-p h o to m u ltip lie r system 
had been p rev iously  c a l ib ra te d .
5.5 Experiment
The experim ental arrangement is  shown schem atically  in  F ig . 5 .1 .
Two quartz  d ischarge tubes were used: the f i r s t ,  o f  a c tiv e  leng th  
195 cm and diam eter 4 mm, was m aintained a t the  cond itions fo r  optimum 
la s e r  power a t  44168, w hile the cond itions in  the  second tu b e , o f 
ac tiv e  leng th  10 cm and diam eter 5 mm could be w idely v a ried . Two 
2 m rad ius o f  curvature  m irro rs , o f  nominal 100% r e f l e c t iv i ty  a t  
44168, spaced 320 cm a p a r t ,  formed the  o p tic a l c a v ity . With the  t e s t  
c e l l  in s id e  the cav ity  h igher ra d ia tio n  f ie ld s  were ob ta inab le  to 
p e rtu rb  the d ischarge than w ith  the  c e l l  o u ts id e  th e  cav ity . Both 
tubes were o f conventional c a tap h o re tie  design (4 ) ,used cadmium o f  
n a tu ra l iso topic, com position, and had independent vacuum -filling  system s, 
h igh  voltage power supp lies  and oven tem perature c o n tro lle r s .  The 
Brews te  r-ang le  windows were in c lin e d  a t  45° to  the  h o riz o n ta l as 
described  in  sec tio n  5 .2 .1  to  avoid s p a t ia l  an iso tropy  in  the  p e rtu rb a tio n  
s ig n a l . A 5f2 r e s i s to r  in  the  anode c i r c u i t  o f the  sm aller t e s t  c e l l  
was included so th a t  c u rre n t changes a t  the chopping frequency could 
be observed. A toothed-w heel chopper, driven by a synchronous motor, 
chopped the ra d ia tio n  f i e ld  in  the cav ity  a t  1600 Hz. The chopper was 
p laced  n ear the m irro r fu r th e s t  from the  t e s t  c e l l .
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The s ide  ligh t, em itted  by th e  c e l l  was examined a t  a reg ion  where 
the curved w all o f  the tube had been ground away on opposite  sides 
o f the  tube and rep laced  by quartz  f l a t s  over a h e ig h t o f 1 mm ( th is  
made a n e g lig ib le  d iffe ren ce  to  the  tube d iam eter). The lens e f f e c t  
o f the  tube w alls  was thus removed. The varying transm ission  o f the 
f l a t  sec tio n s  o f the  tube w all was m onitored using a c a lib ra te d  
deuterium lamp and lens arrangement as described  in  Section 5 .2 .2 .
The c o lle c tio n  lens-m onochrom ator-photom ultiplier system was c a lib ra te d  
as described  in  the same se c tio n .
A Carl Zeiss SPM2 monochromator f i t t e d  w ith  a quartz  prism  was 
used to  s e le c t  the  lin e s  o f in t e r e s t ,  and the  l ig h t  was d e tec ted  by 
an EMI 9594 QUB p h o to m u ltip lie r . Hie output s ig n a l from th e  photo­
m u lt ip l ie r  was e i th e r  recorded d i r e c t ly  as a steady d .c . s ig n a l le v e l 
o r  connected to  a Brookdeal Type 401 lo ck -in  am p lifie r to  o b ta in  the 
p e rtu rb a tio n  s ig n a l . A ll measurements a t  44168 were co rrec ted  fo r  
s tra y  la s e r  l ig h t  a t the chopping frequency. This l ig h t  gave a 
s ig n a l in  an tiphase to  th e  popula tion  clianges on the  upper la s e r  le v e l .  
Such s tra y  l ig h t  co rrec tio n s  were a t  no time g re a te r  than 10% o f  the 
s id e l ig h t  in te n s i ty  changes a t  44168. The measured p e rtu rb a tio n s  and 
lin e  in te n s i t ie s  were c o rre c ted  fo r tube w all transm ission  and sp ec tro ­
meter s e n s i t iv i ty  using  the  r e s u l ts  o f  Section 5 .2 .2 .
5.4 R esults  and D iscussion
5 .4 .1  General Rema rks
In  the experiment a s p a t ia l  average o f  in te n s i ty  changes across 
the tube is  observed. Almost a l l  param eters o f  the  d ischarge , inc lud ing  
the  e le c tro n  d e n s ity , the m etastab le  d e n s it ie s  and the  in te n s i ty  o f  
the la s e r  f i e ld  vary across the  tube. I t  is  im portant th a t  the p r in c ip le  
o f  su p erp o sitio n  holds so th a t  th e  equations d esc rib in g  the  measured 
average q u a n tit ie s  are the  same as those d escrib ing  the  m icroscopic
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changes in  the  d ischarge .
In the equations derived  in  th is  sec tio n  fo r  the  in te rp re ta t io n  
o f the  r e s u l t s ,  the  re la tio n sh ip s  between the popu la tion  clianges on 
various le v e ls  are l in e a r .  Thus, even tliough a s p a t ia l  average o f 
popula tion  changes is  measured, the  equations fo r  lo c a l population  
changes apply to  the  s p a t ia l  average.
The f i r s t  check on the  system was to  observe th e  population  
changes on the  upper la s e r  le v e l as a function  o f the  la s e r  power.
F ig . 5.2 shows th a t  the  change in  the  population  o f the  upper la s e r  
le v e l i s  p ro p o rtio n a l to  th e  la s e r  in te n s i ty .  This i s  to  be expected 
as the change in  upper le v e l popu la tion  is  sm all compared to  the s teady  
s ta te  p opu la tion , so th a t  the  c e l l  i s  opera ting  under conditions 
where the gain i s  n o t h eav ily  s a tu ra te d .
More im portant i s  F ig . 5 .3 , which shows the population  changes
of the 5s Dgy2 lev e l [measured at 3250a) against the changes of the 
2 25s ' Dgy2 le v e l .  There i s  a l in e a r  re la tio n sh ip  between the population  
changes on the  le v e l which i s  d i r e c t ly  pe rtu rb ed  and the  population  
dianges on the le v e l coupled to  the  former by c o l l is io n  p rocesses.
Thus the  l in e a r  equations derived  subsequently to  describe the p e rtu rb a tio n s  
are v a lid , and the  p r in c ip le  o f  su p erp o sitio n  i s  ap p licab le .
Each sp e c tra l  l in e  em itted  by the  He-Cd d ischarge (under optimum 
la s e r  cond itions) in  the  range 2000% - 6OO08  was then examined in  
tu rn  fo r  a p e rtu rb a tio n  s ig n a l when the  la s e r  f i e ld  a t  44168 w itliin  the  
c av ity  was cJiopped. Hie only t r a n s i t io n s  to  e x h ib it  a p e r tu rb a tio n , 
ap art from th a t  a t  44168, were those  a t  21448 (5p^ P^yg - 5s ^S^y2 , C dll) 
and 32508 (5s^ ^^3 /2  ** ^^1/ 2 -^ * o th e r l in e s  showed p e rtu rb a tio n s
le s s  than 0.5% o f  th a t  a t  44168, which was the  l im i t  o f  d e tec tio n  
s e n s i t iv i ty  s e t  by d ischarge n o ise .
The in te ra c t io n  o f  the cliopped la s e r  ra d ia tio n  and th e  discharge
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cu rren t was examined by connecting the  voltage across the  5Q anode 
r e s is to r  to  the  lo c k -in  am p lif ie r . The cu rre n t change a t  the  chopping 
frequency was le s s  than 0.002mA in  100 mA, so th a t  cu rren t-induced  
population  changes may be ignored.
5 .4 .2  P e rtu rb a tio n  a t  21448
Consider a system o f two le v e ls  1, 2 coupled by a ra d ia tiv e  
t r a n s i t io n  w ith  E in s te in  c o e f f ic ie n t A^^ ' Level 1 rep re sen ts  the upper 
la s e r  le v e l and has a pump ra te  from a l l  so u rces , population  (in  the 
absence o f  la sin g ) and n o n -rad ia tiv e  decay ra te  o f and
re sp ec tiv e ly . Level 2 rep resen ts  the lower la s e r  le v e l and s im ila r ly  
has a pump ra te  (ap a rt from ra d ia tiv e  cascade from the upper la s e r  
l e v e l ) , population  (in  the  absence o f lasing ) and n o n -rad ia tiv e  decay 
ra te  o f R^^N  ^ and y^ re sp ec tiv e ly . (F ig. 5 .5 ) .
In the absence o f  la s in g  tlie steady  s ta te  populations and
are given by the ra te  equations
R ^ =  N ^ C A iz  +  y ^ )  ( 5 . 3 )
^  + ^1^12 ^ ^2^^20 "^2  ^ » (5 .4)
where A^q i s  the E in s te in  c o e f f ic ie n t  fo r ra d ia tiv e  tra n s i t io n s  from
the  lower la s e r  le v e l ,  and the  upper la s e r  lev e l decays ra d ia t iv e ly
only to  the lower la s e r  l e v e l .
Laser o s c i l la t io n  in troduces an ad d itio n a l lo s s  ra te  L fo r  le v e l
1 due to  s tim u la ted  em ission, and an ad d itio n a l production ra te  L fo r
le v e l 2. I f ,  as a consequence, the  steady s ta t e  population  o f le v e l 1
is  reduced by ôN^, and th a t  o f  le v e l 2 increased  by gNL, and i f  R^
and R  ^ do n o t change in  th e  presence o f the la s e r  f i e ld  then
R^ = (N ^ -  GN^) (A ^ z  + Y i )  + L ( 5 . 5 )
R^  + (N  ^  ^ ~ (^2 ^ ^Ng) (A^q + Yg) - L (5.6)
S ub trac ting  (5.3) from (5 .5 ) , and (5.4) from (5.6) and e lim in a tin g  L 
from the  re su ltin g  equations gives
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In  the helium cadmium la s e r  the  lower le v e l fo r  the  44168 
la s e r  t r a n s i t io n  is  ra p id ly  depopulated by ra d ia tiv e  decay to  the  ion 
ground s t a t e ,  w ith  a ra d ia t iv e  life t im e  o f  3.4 ns (60). Since the 
g a s-k in e tic  c o l l is io n  time in  the  discharge is  o f the  o rder o f  1 y s , 
the approximation «  -^20 made and equation  (5.7) s im p lif ie s  to% = ÿ
The sp e c tra l  l in e  in te n s i ty  changes are r e la te d  to  the  popula tion  
changes by
6 1 .  = hv^gA.^GN.1 11 1 (5.9)
^^2 ^ ^20^20 ‘^ ^2 *
S u b s titu tio n  o f  (5 .9) in to  (5.8) gives
^^2 ^20  ^1
Thus by measuring the  r e la t iv e  in te n s i ty  clianges o f l in e s  a r is in g  from 
the upper and lower la s e r  le v e ls ,  the  r a t io  o f the  n o n -rad ia tiv e  to  
ra d ia tiv e  decay ra te s  o f  the  upper la s e r  le v e l may be determ ined.
The ra t io  o f  the in te n s i ty  changes a t  21448 and 44168 (corresponding \ 
to  61^ and GI^ re sp ec tiv e ly ) were measured over th e  range o f  o p era tin g  
co n d itio n s: helium p ressu re  2 - 7  t o r r ,  d ischarge cu rren t 80 -  160 mA 
and cadniuiii oven tem perature 190° -  ^220°C.
^^2 Gl 1214481No fu n c tio n a l dependence o f the  ra tio . (777^ . 7^'^ ) on e i th e r
1  o 1 ( 4 4 1 o a j
helium p ressu re  o r oven tem perature was observed, and only s l ig h t  
v a r ia tio n  w ith c u rren t (F ig . 5 .4 ) . The ex tra p o la tio n  o f  the  c u rre n t 
v a r ia tio n  to  zero cu rren t gives a non-zero in te rc e p t  which im plies 
th a t  w hile e lec tro n s  do p lay  a p a r t  in  destroy ing  the  upper la s e r  le v e l ,  
o th e r processes must a lso  be considered . The average value o f  Glg/Gl^
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ob ta ined  over th e  range o f o p era tin g  cond itions gives a value 
Yi = 0 .9  + 0 ,2 . Thus the n o n -rad ia tiv e  d e s tru c tio n  ra te  o f  the upper
*21la s e r  le v e l is  almost equal to  the ra d ia tiv e  decay r a te .
This r e s u l t  i s  in  agreement w itii the r e s u lts  o f  K lein and 
May dan (61) who measured the  decay r a te  o f tlie upper la s e r  le v e l by 
using a f a s t  c av ity  dumping technique. At a helium  p ressu re  o f  3.5 to r r  
the to ta l  decay ra te  v a ried  in  the range 1.5 - 1,9 x 10^ s~^, w ith  an 
approxim ately l in e a r  dependence on cu rren t in  the range 75 - 170 mA.
Dienes and Sosnowski (62) have a lso  derived  upper le v e l decay ra te s  
from magnetic f i e ld  dip  measurements on the He-Cd la s e r .  Hie values 
ob ta ined  were a fa c to r  o f  2 - 3 h igher tlian tliose o f K lein and 
May dan (61) .
The constancy o f  the  n o n -rad ia tiv e  decay ra te  o f the  upper la s e r
le v e l could be exp lained  by the  ex istence  o f another ra d ia tiv e  decay
path  from tlie upper la s e r  le v e l ,  bu t the data  o f  Shenstone and P it te n g e r  (63)
show th a t  the 44168 t r a n s i t io n  is  the only one o rig in a tin g  from the 
2 25s Dgy2 l e v e l , Hie assumption yg «  A^g could be in v a lid a te d  by 
ra d ia tio n  trapp ing  o f  the  21448 l in e ,  but an ’a t  w o rs t’ c a lc u la tio n  
assuming s in g le  iso tope  cadmium and a ground s ta te  ion density  equal to  
the ground s ta t e  n e u tra l  d en sity  gives an imprisonment fa c to r  (64) o f 
0 .1  fo r  a tube o f rad ius 0 .2  cm. The e ffe c t iv e  E in s te in  c o e f f ic ie n t 
w ith  these assumptions i s  50 x 10^ s"*^, which is  s t i l l  much g re a te r  than 
g a s-k in e tic  c o l l is io n  ra te s .
In considering  the  n o n -rad ia tiv e  decay ra te  o f  the upper la s e r  
le v e l ,  d iffu s io n  o f cadmium ions to  the tube w a ll, as w ell as volume 
lo s s e s , must be considered . Assume th a t  a cadmium ion produced a t  the 
cen tre  o f the tube i s  a cc e le ra te d  to  th e  w alls by the ambipolar f i e ld  
e s ta b lish e d  by tlie e lec tro n s  and the helium io n s . With a mean free  
path  o f  0 .2  mm a t  1 t o r r ,  the  ion has an average o f  10 c o ll is io n s  before
^ 5,12
a rriv in g  a t  the w a ll, in  each o f  which i s  lo ses  1% o f i t s  acquired
energy. Thus, to  a f i r s t  approxim ation, the lo ss  o f  an ion to  the  w all
may be considered as a free  f a l l .  The value o f the  p o te n tia l  d iffe ren ce
between the tube cen tre  and th e  w alls  (neg lecting  the sheath) may be
ca lc u la te d  (65) to  be approxim ately 5V (e lec tro n  mean fre e  patli =
0 .5  mm, tube rad ius = 2 mm). Assuming a uniform f i e ld  d is t r ib u t io n
the  t r a n s i t  time o f an ion to  the  tube w all i s  o f  the  o rd er o f  1 ys.
Thus d iffu s io n  in  the ra d ia l  f i e ld  rep resen ts  a s ig n if ic a n t  lo ss  process
2 2fo r  the  cadmium ions in  the 5s l®vel as the  d iffu s io n  time is
s im ila r  to  the ra d ia tiv e  l i f e t im e . As the helium p ressu re  increases
the  d iffu s io n  lo sses  decrease bu t volume d e s tru c tio n  processes in c rease ,
which r e s u l ts  in  the  n o n -rad ia tiv e  decay ra te  o f th e  upper la s e r  le v e l
showing l i t t l e  v a r ia t io n  w ith  discharge co nd itions.
In a recen t paper Lis (66) e s tim ates  a n o n -rad ia tiv e  decay ra te  o f
the upper la s e r  le v e l o f 40 x 10^ s ^ compared to  the  p re sen t value o f
1 X 10^ s The discrepancy between these two values fo r  the non-
2 2ra d ia tiv e  decay r a te  o f  th e  5s D^y2 le v e l o f Cdll w il l  now be d iscu ssed ' 
in  d e ta i l .
The method o f Lis i s  s im ila r  to  th a t  o f the  p re sen t experim ent,
although only r e la t iv e  p e rtu rb a tio n s  under one s e t  o f experim ental
cond itions are measured. To in te r p r e t  h is  r e s u l t s , Lis uses an equa tion
s im ila r  to  equation  (5 .8 ) . In  the  p re sen t n o ta tio n  L is 's  equa tion  becomes
6N,
^2  ^^2 ^ 2
^ 0  G N ^ / N ^  * , ( 5 - 1 1 )
As Lis was unable to  c a l ib ra te  h is  system fo r  r e la t iv e  in te n s i ty
GNg/N,measurements he could determ ine only the r a t io  y^ . The value found
by Lis fo r  th is  r a t io  under the  one s e t  o f experim ental cond itions agrees
w ith values found in  the p re sen t work (~0 .2). In order to  c a lc u la te  y , ,
No ^Lis uses a value fo r  ^  o f 0.46 found by Hodges (67). This value i s
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ob ta ined  fo r  a tube con tain ing  cadmium o f  n a tu ra l iso to p ic  composition
N N
by combining gain measurements (which enable (-----------) to  be deduced)h  §2 N
w ith  abso lu te  in te n s i ty  measurements a t  4416a (which enable —  to  be 
deduced).
I f  Hodges’ gain o f  6 % m ^ is  talcen as the gain a t  l in e  cen tre  of 
a p u re ly  Doppler broadened l in e  (o f  f u l l  w idth a t  half-maximum equal to
1.5 GHz) a value o f th e  lower la s e r  lev e l popula tion  o f ~ 3 x 10 an 
is  ob tained . This is  the value deduced by Hodges. Therefore i t  appears 
th a t  Hodges has. no t considered  the  iso tope  s tru c tu re  o f  the gain curve.
For a given popu la tion  in v ersion  the gain a t  44168 is  sm aller 
(^6 % m ^ (67)) in  a la s e r  contain ing  cadmium o f n a tu ra l  iso to p ic  composition 
than in  a la s e r  con tain ing  a s in g le  iso tope (~20% m ^ (2))  due to  the  
d if f e r e n t  shapes o f  the gain p r o f i le s .  T reating  the gain o f  6 % m ^ in  
a la s e r  contain ing  cadmium o f  n a tu ra l  iso to p ic  conposition  as a r is in g  
from a s in g le  iso tope  p r o f i le  then leads to  an overestim ate o f  the 
popula tion  o f  th e  lower la s e r  le v e l .
The p resen t experim ent allows the r a t io  o f the populations o f  the 
upper and lower la s e r  le v e ls  to  be measured from the r a t io  o f spontaneous 
em ission in te n s i t ie s  a t  21448 and 44168, since
^1  ^1 ^ 0  ^20
Typical r e s u l ts  are shown in  F ig s. 5 .5 , 5.6 as a func tion  o f  cu rren t and 
helium p re ssu re . The r a t io  g—is  ~ 10 , which is  to  be expected i f  both
le v e ls  have s im ila r  pump ra te s  w hile t h e i r  ra d ia tiv e  l ife tim e s  d i f f e r
by two orders o f magnitude.
^2  8 -1 Using a value o f ^  = 0.03 and the  measured value o f A2Q = 3 x 10 s
(60) to  r e - in te r p r e t  the  r e s u l ts  o f  L is , Ls found to  be 1.8 x 10^ s
in  agreement w ith  the  p re sen t re s u l ts  o f  1.2 + 0 .3  x 10^ s Thus the
p resen t r e s u l t ,  and those o f  L is , K lein and May dan (61 ), and Dienes
and Sosnowski (62) are a l l  co n s is te n t i f  the r a t io  o f the  populations
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o f  the upper and lower la s e r  le v e ls  found by Hodges i s  n o t included 
in  the  c a lc u la tio n s .
From equations (5.3) and (5.4) the r a t io  o f  th e  pump ra te s   ^
fo r  the la s e r  le v e ls  may a lso  be obtained:
^1 ^ 1(^12
^2 ho -,
= (5.12) .
'  * 312 .
i f  Yg i-s sm all compared to  A^Q. Expressing  ^ terms o f 2 using  
equation (5 .9 ) , equation (5.12) becomes
^2 ' ’12 T
^2 I I  V20^  ^ ------  (5.13)
(R ecall th a t  R^  s p e c if ic a l ly  excludes cascade from th e  upper la s e r  le v e l 
according to  i t s  d e f in it io n  e a r l i e r  in  th is  s e c tio n .)
From equations (5 .9 ) , (5.3) i f  is  co n stan t,
Ri “ ” i  « I l  .
Therefore i f  R^  is  obtained in arbitrary units from the spontaneous 
emission at 44168, R2  may be obtained in the same units from equation (5.13) 
Typical results are shown in Figs. 5 .7 , 5.8 as a function o f current and 
helium f i l l in g  pressure.
Fig. 5.7 shows t h a t ,  w ith  in c reasin g  p re ssu re , the  pumping r a te ,
R^, o f  the  upper la s e r  le v e l reaches a maximum and then decreases. This 
i s  exp lained  by the  behaviour o f  the  Penning c o l l is io n  ra te  as described  
in  Section 4 .3  , From th a t  sec tio n  the follow ing re la t io n  between R  ^
and the helium m etastab le  d e n s ity , N^, i s  ob tained  (equation 4.1)
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where is  the ap p rop ria te  ra te  co n stan t. However, the  e x c ita tio n  r a t e ,  R^, 
o f  the lower la s e r  le v e l i s  seen to  increase  s te a d ily  w ith  p re ssu re . The 
processes which co n trib u te  to  R  ^ conprise d ire c t-e x c ita t io n  by c o ll is io n s  
w ith  e le c tro n s , io n s , o r m etastab le  species and ra d ia tiv e  cascade from 
h igher ly in g  le v e ls  o f Cdll (but excluding cascade from the upper la s e r  
l e v e l ) .
D irec t e x c ita tio n  o f  th e  lower la s e r  le v e l by Penning o r  charge 
t r a n s f e r  processes does n o t occur (68) in  view o f th e  la rg e  energy d e fec ts  
fo r  such p rocesses. F u rth e r, d ir e c t  e lec tro n  e x c ita tio n  to  the  lower 
l a s e r  le v e l i s  n o t s ig n if ic a n t  fo r  th e  follow ing reason . As tlie p ressu re  
in c reases the mean e le c tro n  energy decreases so th a t ,  although tlie 
to ta l  e le c tro n  d en sity  in c re a se s , th e  f ra c tio n  o f  e lec tro n s  w ith  s u f f ic ie n t  
energy (a t le a s t  6 eV) to e x c ite  tlie lower la s e r  le v e l decreases.
(This p o in t i s  d iscussed  more fu l ly  in  the follow ing sec tio n  in  connection 
w ith  the  p e rtu rb a tio n  a t  3250%. )
R adiative cascade to  the  lower la s e r  le v e l ,  which must th e re fo re  
be tlie p r in c ip a l co n trib u tio n  to  R^, a r is e s  predom inately (>80%) (68) 
from le v e ls  o f  the  cadmium ion which are ex c ited  by charge tra n s fe r  
c o ll is io n s  w ith  helium io n s . Thus R^  may be expressed as fo llow s:
where i?  th e  helium  ion  d en sity  and the app ro p ria te  ra te  co n stan t.
At the cond itions fo r  optimum in te n s i ty  a t  4416& in  Fig. 5 .7  
( ie  helium p ressu re  4 to r r )  ^  equals 3, w hile is  approxim ately 
5 X 10^^ cm 5 (F ig, 4,3) and the  helium ion d en sity  i s  3 x 10^^ cm ^
assuming i t  i s  equal to  the e le c tro n  den sity  (10). Thus — equals 5.
"<1This r a t io  may be compared w ith  the  re s u lts  obtained  by T um er- 
Smith (68) from a flowing a fte rg lo w , under conditions where 55 
(the p re c ise  re la tio n s h ip  between and is  n o t noted  in  (68) ) .
The p r in c ip a l cascade t r a n s i t io n s  to  the  lower la s e r  le v e l ,  a t
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27498, 23138, 232l8 and 35368, were found to  have (68) r e la t iv e  ra te s  
o f 350, 240, 22 and 96 re sp e c tiv e ly , g iv ing  a to t a l  cascade ra te  o f  
~800 u n its .  These t r a n s i t io n s  a r is e  from le v e ls  populated by charge 
t r a n s f e r  processes except fo r  the  t r a n s i t io n  a t  35368 whose upper le v e l 
is  populated  by Penning c o l l i s io n s . Also approxim ately one q u a rte r  o f 
the  in te n s i ty  a t  27498 i s  due to  Penning e x c ita tio n . In the  same u n its  
the pump ra te  o f the  upper la s e r  le v e l was found to  be 1000. Thus, 
under the  cond itions o f the  afterg low  experiment
1 1 1 1
A s im ila r  estim ate  may be made i f  the  to ta l  c ro s s -se c tio n  o f
3.7 X 10 ^5 fo r  the  d e -e x c ita tio n  o f  helium ions by ground
s ta te  cadmium atoms i s  used. As two th ird s  o f th e  cadmium ions ex c ited
by charge tr a n s fe r  decay r a d ia t iv e ly  v ia  lev e l 2 (68) ,  the  r a t io  —
becomes 2
^1 ^p
where and are the to ta l  charge tra n s fe r  c ro s s -se c tio n  and the
-15 7Penning c ro ss -se c tio n  to  le v e l 1 re sp e c tiv e ly . Thus, w ith  a^~l x 10 cm" 
(6 ,7 ,8 ) ,  i s  2 .5 .
1 <2 KgThe two estim ates —- % 0 .8  and —  ^ 2 . 5  are in  reasonable agreement 
w ith  tlie p re sen t r e s u l t  o f —  5.
At constan t c u rre n t, as the  p ressu re  in c reases the  m etastab le  
population  f a l l s  w hile tlie ion d en sity  in c rease s . Thus the ra te  o f 
e x c ita tio n  to  the  lower la s e r  le v e l in c reases w ith  p ressu re  as the  
ra d ia tiv e  cascade from h igher s ta te s  o f  the cadmium ion  in c reases  w ith  
the ion d en sity .
The c u rren t behaviour o f  (Fig. 5.8) i s  c o n s is te n t w ith  th is  
exp lanation  as the  in c rease  in  R  ^ w ith  cu rre n t r e f le c ts  the  in crease  in  
helium ion den sity  w ith  c u rre n t. The behaviour o f  R  ^ w ith  c u rre n t has
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been explained p rev io u sly  in  S ec tion  4 .3 .
F in a lly , the ra te  o f  e x c ita tio n  o f  the lower la s e r  le v e l by cascade 
from the upper la s e r  le v e l ,  and the ra te  by a l l  o th e r processes
combined in  may now be compared. In Sec tion 4 .3 , R  ^ was found to be 
'v3 X 10^^ cm 5 s ^ fo r  optimum la s e r  co n d itio n s . Hius the ra te  o f  decay to  
the lower la s e r  le v e l i s  ~1.5 x 10^^ cm ^ s With ^  3 , R^  is  approxim ately
6 X 10^  ^ cm  ^ s Tlius ra d ia tiv e  cascade from the upper la s e r  lev e l i s  a
com paratively minor pump process fo r  the  lower la s e r  le v e l .
5 .4 .3  P e rtu rb a tio n  a t 3250%
The upper le v e l o f  the  3250& t r a n s i t io n  (5s^ ^^3/ 2  ^ i s  about 1 eV above
the upper le v e l o f 44168 la s e r  t r a n s i t io n  (5s^ ^^5/ 2  ^ * When the population  o f
the l a t t e r  lev e l i s  decreased by la s e r  o s c i l la t io n ,  th a t  o f the former is  a lso  
observed to  decrease . The r a t io  o f th e  in te n s i ty  changes on the two tra n s i t io n s  
is  shown in  F igs. 5 .10 , 11, 12 as a function  o f  d ischarge c u rre n t, helium 
p re ssu re , and cadmium oven tenpera tu re  re sp ec tiv e ly . Typical experim ental 
accuracy i s  shown on the  graph o f  th e  oven tem perature dependence (F ig . 5 .12 ).
The cu rren t behaviour o f  the  r a t io  (F ig . 5.10) i s  c o n s is te n t w ith  e lec tro n  
c o ll is io n s  being the p r in c ip a l cause o f  coupling, as there  is  a l in e a r  r e la t io n ­
sh ip  between the  r a t io  o f  p e rtu rb a tio n s  and the cu rre n t ( ie  the  e le c tro n  density). 
The p ressu re  behaviour (F ig. 5 .1 1 ), however, shows an ex trap o la ted  zero 
p e rtu rb a tio n  a t  a non-zero p re ssu re . This in d ic a te s  th a t  coupling to  th e  lower 
(5p ^Pgyg) w ell as the  upper la s e r  le v e l o f the 44168 t r a n s i t io n  must be 
talcen in to  account.
An analysis of the perturbation at 32508 is  now described which leads to
-13 2 2 2a very la rg e  c ro s s -se c tio n  {y l x 10 cm ) fo r  e x c ita tio n  o f 5s D^yg Cdll
2le v e l from the 5p P^yg Cdll le v e l by e le c tro n  c o l l is io n s .  As shown on
pages 5.20-21 th is  c ro s s -se c tio n  in p lie s  a much la rg e r  d e -e x c ita tio n  ra te  o f
2 2the  5s Dgyg le v e l than i s  observed (Section 5 .4 .2 ) . The r e s u lts  o f th is
sec tio n  must th e re fo re  be regarded as te n ta t iv e .
2 2 2 2 I f  the couplings between the 5s D^yg le v e l and the 5s Dgyg
2and 5p P^yg le v e ls  (le v e ls  3 , 1 , 2 re sp ec tiv e ly  - see F ig, 5.9) are  
included e x p l ic i t ly ,  then the  ra te  equation describ ing  the population
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2  2o f the  5s ' D^yg le v e l in  the absence o f la s e r  ra d ia tio n  is
^3 ^2^23 ^1^13 “ ^ 3(^3  "^ 3^  (5.14)
where and y^^ ^.re the ra te s  fo r  e lec tro n  e x c ita tio n  to  le v e l 3
from lev e ls  2 and 1 re sp e c tiv e ly , and R^, A^, y^ are the  e x c ita tio n
ra te  (excluding y^^, yg^), to t a l  ra d ia tiv e  decay ra te  and to ta l  non-
ra d ia tiv e  decay r a te  re sp ec tiv e ly  o f  le v e l 3, (F ig. 5 .9 ) . In the
presence o f la s e r  ra d ia tio n  tlie ra te  equation becomes
R3 (^2 (^1 ~ ^^ï)Y l3 ~ (^3 ” *^ 3^) (^3  Y3) (5 .15).
S ub trac tin g  (5.14) from (5.15) and rearrang ing  gives 
GN-  ^ GN„
" A^^y^ (^13 - Y23 GN^} (5 .16 ).
I f  (5.16) i s  re w ritte n  in  terms o f  l in e  in te n s i t ie s  using (5 .9 ) , 
and the  follow ing values fo r  the  E in s te in  c o e f f ic ie n ts  su b s ti tu te d  ;
Ago = 3 X  10® s"^  (60), Aj^ g = 1 .3  X  10® s"^ (70 ,71 ), A(5s^ ^D^.g -
5p ^P],g) = 2 . 2  X ,  10® s ^ (60, 71), i t  becomes
GI? -7 ? GI.^
617  -  7 %  - 10 ^ 2 3  n f  >
By e x tra p o la tin g  the  p ressu re  v a r ia tio n  shown in  F ig .5 .11, i t  i s  seen
th a t  (Glg/GI^) becomes zero a t  a p ressu re  o f 1.5 - 2 t o r r  (E/p =
lOV cm ^ to r r  ^ ) , so th a t  fo r  these  cond itions we have
Y13/Y23 ^
The value o f  (Glg/Gl^) is  o f  the  o rd er o f 1 .8  (see previous sec tio n ) so 
th a t  a t 1.5 -  2 to r r ,  the  r a t io  Y13/Y23 approxim ately 10 I f  the  
coupling i s  due to  e le c tro n  c o ll is io n s  the  ra te s  y^^ 23 be w ritte n
^13 " ^e <*13^e>
(5.18)
^23 "e^^23^e^ *
where n^ is  th e  e le c tro n  d e n s ity , Og^ are the  c ro ss-se c tio n s
fo r  e le c tro n  impact e x c ita tio n  from le v e ls  1 and 2 re sp ec tiv e ly  and the 
average < > i s  c a r r ie d  out over th e  e lec tro n  energy d is t r ib u t io n .  The
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th re sh o ld  energy fo r  about 1 eV, while th a t  fo r  Og» i s  about
S eV. At an E/p value o f 10 V an’"^ to r r  in  a pure helium  d ischarge , 
the m ajo rity  o f  e lec tro n s  have an energy in  excess o f  1 eV, w hile tlie 
fra c tio n  w ith  an energy exceeding 5 eV is  about 0 .6  (25), and 
hence the r a t io  the o rder o f 10 . Thus tlie cross sec tio n
fo r e le c tro n  e x c ita tio n  from th e  lower la s e r  le v e l ,  which corresponds 
to  an allowed o p tic a l  t r a n s i t io n  , i s  much g re a te r  than th a t  from the  
upper la s e r  le v e l .
The increase  in  the  r a t io  (GI^/GI^) w ith  in c reas in g  p ressu re  above
1.5 -  2 to r r  may be explained  as fo llow s. As the  p ressu re  in c reases  the 
E/p value o f the d ischarge d ecreases, so th a t  the e le c tro n  energy
d is tr ib u t io n  s h i f t s  to  lower energ ies (25). This favours th e  e x c ita tio n
2 2 2 process from the 5s D^yg le v e l as opposed to  the  5p P^yg le v e l and so
the  r a t io  CY13/T23) ii^ereases w ith  p re ssu re . Since the to ta l  e lec tro n
d en sity  a lso  in c reases w ith  p ressu re  (10) ,the  r a t io  (Gl^/Gl^) rap id ly  .
in c re a se s ,
Before considering  tlie behaviour o f (ô l^ /ô l^ ) a t  p ressu res  
above 4 to r r ,  the in fluence  o f cadmium vapour must be d iscussed .
F ig. 5.12 shows th a t  as the  cadmium p a r t i a l  p ressu re  in  the discharge 
increases w ith  oven tem perature the r a t io  (GI^/GI^) ra p id ly  decreases. 
The most l ik e ly  cause o f th i s  decrease i s  th a t  bo th  e x c ita tio n  processes 
(^1 3 *^23) decrease w ith  in c reas in g  cadmium p a r t i a l  p re ssu re ,
2 2The decrease in  the  ra te  o f e x c ita tio n  (Y^g) from the  5s D^yg 
le v e l is  due to the  in c reasin g  f ra c tio n  o f  e lec tro n s  w ith  energ ies le s s  
than 1 eV as cadmium is  in troduced . Vokaty and Masek (43) have computed 
the  e lec tro n  energy d is t r ib u t io n  in  a helium-cadmium d ischarge . T heir 
f ig u re  2 (reproduced here as F ig. 5.13) i l l u s t r a t e s  th is  increase  
in  the f ra c tio n  o f e lec tro n s  w ith  energ ies le s s  than 1 eV as cadmium is  
in troduced  a t  a constan t E/p value o f 1.5 v o lts  cm ^ t o r r  W iile the
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value o f E/p fo r  the i n i t i a l  cond itions o f  F ig . 5.12 i s  5 v o lts  cm  ^ t o r r
i t  decreases as tlie oven tenpera tu re  in c re ase s . The decrease in  E/p and
the  increase  o f  cadmium p a r t i a l  p ressu re  both lead  to  an in crease  in
the  f ra c tio n  o f e lec tro n s  w ith  energ ies le s s  than 1 eV. Since the to t a l
e lec tro n  d en sity  i s  bu t wealcly dependent on cadmium p a r t i a l  p ressu re  (10) ,
the  e x c ita tio n  ra te  must decrease. S im ilar arguments app lied  to
yg2 in d ic a te  an even s tro n g e r decrease in  the f ra c tio n  o f  e lec tro n s  w ith
energ ies g re a te r  than 5 eV w ith  in c reasin g  cadmium p a r t i a l  p re ssu re .
The behaviour o f the  r a t io  (GI^/GI^) a t  p ressu res  above 4 t o r r  i s
now considered. With in c reasin g  p ressu re  the to ta l  e le c tro n  den sity
in c reases b u t the E/p value d ecreases. F ig . 5,11 shows th a t  a t  p ressu res
above 4 t o r r  a cond ition  is  read ied  where the  change in  E /p , through
in creasin g  the  f ra c tio n  o f  e le c tro n s  w itli energ ies le s s  tlian 1 eV, is
the more im portant fa c to r  in  determ ining the e x c ita tio n  ra te s  y^^ and
ygg, and the r a t io  ôI^/G I^ s a tu ra te s  o r decreases.
C ross-sections ^23 be estim ated  by considering  equation
(5.17) a t tlie h igher p ressu res  when th e  term involv ing  y^^ may be n eg lec ted .
The r a t io  (GI^/GI^) reaches a value o f 0.07 a t  4 t o r r  when the e lec tro n
d en sity  is  ~ 10^^ cm ^ fo r  e lec tro n s  w ith  energy-above 1 eV (10 ,25). Talcing
a value fo r  o f  3 x 10 s and n eg lec tin g  y^ gives a value o f
7 X 10 cm^  and hence a value o f Ogg ^ 7 x 10 qn^.
The value of i s  ty p ic a l o f gas k in e tic  c o l l is io n  cross s e c tio n s ,
bu t the  value o f i s  very la rg e  fo r  an atomic c o l l is io n  p ro cess . I t
i s  o f  in te r e s t  to  note th a t  very la rg e  cross sec tio n s  have been repo rted
recen tly  by Green e t  a l (73) fo r  e le c tro n  c o ll is io n s  wit]i e x c ited  s ta te s
-12 2o f  tlie zinc ion . A cross sec tio n  o f  v 2 x 10 cm was ob ta ined  fo r
2the t r a n s fe r  o f energy from the 6p P lev e l o f  Znll to  o th e r le v e ls  o f  
the zinc io n , w hile approxim ately the same value was obtained  fo r  the
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2c ro s s . sec tio n  fo r  e le c tro n  induced energy tra n s fe r  between the 5d D
and 4 f  le v e ls  o f  Z n ll.
Large cross sec tio n s  are c h a r a c te r is t ic  o f c o ll is io n s  involving
a resonance (74), so th a t  the cross se c tio n  ^23 ~ 7 x 10 cm  ^ im plies
the  p o ssib le  ex isten ce  o f  a resonance in te ra c t io n , v ia  an in term ed ia te
2s ta t e ,  in  the  c o l l is io n  o f e le c tro n s  w ith  cadmium ions in  the 5s Pgy2 
l e v e l .
Such an in term ed ia te  s ta t e  i s  formed i f  the c o l l is io n  talces p lace  
according to  the reac tio n
(Cd*), + e (Cd**) ( C d 7 ,  + e ,
P 3 /2  *^S/2
where Cd** i s  a s ta te  o f  n e u tra l  cadmium whose to ta l  e x c ita tio n  energy
is  h ig h er than the  io n iz a tio n  p o te n tia l  o f  Cdl, ie  an au to ion iz ing
s ta t e .  Such au to io n iz in g  s ta te s  o f  Cdl are Icnown to  e x is t  (72), the
s e r ie s  l im its  o f  these  s ta te s  having energ ies co inciden t w ith  the 
2^3/2*5/2 o f  C d ll. Thus the  c o llid in g  e le c tro n  may form an
au to ion iz ing  s ta te  o f  Cdl by temporary re  combination when i t  c o llid e s
witlr the cadmium ion . (The recombined s ta te  i s  n e c e s sa r ily  s h o r t- l iv e d
since  in  a two-body recom bination process energy and momentum are
no t conserved s im u ltan eo u sly ). For au to ion iz ing  s ta te s  n ear the  
2 25s Dgy2 s e r ie s  l im i t ,  therm al energ ies  are  s u f f ic ie n t  to  cause decay
in to  the  5s^ ^^3 /2  l®vel o f  C dll.
On the b a s is  o f  a p la u s ib i l i ty  argument, however, the  magnitude o f
022 i s  now shown to  lead  to  a value o f  the  n o n -rad ia tiv e  decay ra te  o f  
2 2the 5s Dgy2 le v e l which i s  much la rg e r  tlian observed. The value 
-13 2^23 " 7 X iO cm im plies a ra te  Y23 (equ 5.18) under ty p ic a l la s e r
conditions (n^ ~ 10^^ cm v^ ^ 10^ cm s ^) o f  Y23 " 7 x 10  ^ s
2 2Therefore the r a te  o f  e x c i ta t io n ,  y^ ii o f  the  5s Dgy2 le v e l from the 
25p Pgy2 le v e l i s  expected to  be o f  th e  same magnitude as Y23 ( i f
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la rg e r  in  view o f  the r a t io  o f E in s te in  c o e ff ic ie n ts  fo r  the o p tic a l
t ra n s i t io n s  corresponding to snd Y23) • Thus the reverse  p rocess ,
electron co llis io n a l destruction of the 44168 upper laser level to 
2the Sp Pgyg le v e l ,  i s ,  by tlie p r in c ip le  o f d e ta i le d  balance , expected
to have a rate y^ 2   ^ Y2 1 ' (Ibe neglect o f exponential terms and
s ta t is t ic a l  weights in th is argument malces no difference to this inequality).
6 -1Thus we have y^2  ^ 70 x 10 s , which is  in c o n s is te n t w ith  the r e s u l ts  
o f  the previous sec tio n  where a value fo r  the to ta l  n o n -rad ia tiv e  decay 
ra te  fo r  the 5s^ ^^5 /2  la s e r  le v e l o f Y^  10^ s ^ was ob ta ined .
At p resen t i t  i s  n o t p o ss ib le  to  see how th is  inconsistency  may be 
removed.
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la s e r  le v e ls  o f the  44168 t r a n s i t io n .a s  a function  o f the 
d ischarge c u rre n t.
5.27 
■ Cd II
level 
3 -9"
0<oLn<Nn
2 -)
A,
c<8
% X %
0<
s
Ai2
V » \/
3/2
^23
c<
vA20
)13 5s'
■ ^ 2
R2_
' I p
Fig. 5.9 Energy le v e ls  p d  o p tic a l  t r a n s i t io n s  in  Cdll pertinent, 
to  the an a ly sis  o f the p e r tu rb a tio n  spectrum. .
0.075
4 torr, 200°C
0.05
'3250
0.025
2.5 torr,200 C
1601 2 0 ,discharge current (mA)
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Fig. 5.13 R eproduction 'q f F ig . 2 o f Vokaty and Masek
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CHAPTER VI
SUMMARY AND CONCLUSIONS
6.2
6 .1  In tro d u ctio n
In, th i s  th e s is  in v e s tig a tio n s  o f  the  p o s itiv e  column helium -
cadmium la s e r  have been desc rib ed . The experim ental techniques comprised
absorp tion  spectroscopy and p e rtu rb a tio n  spectroscopy. A bsorption
spectroscopy was used to  determ ine the popula tion  d e n s it ie s  o f  the
helium  s in g le t  (2^S) and t r i p l e t  (2^S) m etastab le  S ta te s  and the
cadmium ground s ta t e  (5^S). In  p a r t ic u la r  the  behaviour o f these
d e n s it ie s  w ith  d ischarge param eters was examined, and the  production
2 2ra te  by Penning c o ll is io n s  o f  th e  5s le v e l o f  Cdll estim ated .
P e rtu rb a tio n  spectroscopy was used to  determine the n o n -rad ia tiv e
2 2d es tru c tio n  r a te  o f  the Ss Dgyg le v e l o f  Cdll (the upper le v e l o f 
the 4416% la s e r  t r a n s i t i o n ) , the  r e la t iv e  pump ra te s  o f  the  upper and 
lower (5p P^yg) la s e r  le v e ls ,  and c o H is io n a l p rocesses lin k in g  e x c ited  
le v e ls  o f  th e  cadmium ion . The r e s u l ts  o f  th ese  experim ents are 
summarised in  tu rn .
6.2 Absorption Spectroscopy
Absorption spectroscopy was app lied  f i r s t  (Chapter I I I )  to  the
1 7measurement o f the s in g le t  (2 S) and t r i p l e t  (2 S) m etastab le  d e n s it ie s  
in  a  pure helium discharge in  a c a p il la ry  tube o f  diam eter 3 mm.
The d en sity  o f  th e  s in g le t  m etastab le  le v e l (2^S) was determ ined 
from absorp tion  measurements a t  5016% (3^P - 2^S, Hel) and 3965%
(4^P -  2^S, Hel) w hile the d en s ity  o f  t r i p l e t  m etastab le  le v e l (2^8) 
was determ ined from absorp tion  measurements a t  3889% (3^P -  2^8, H el).
The e f fe c t s  o f  the  f in e  s tru c tu re  o f  the  3889% lin e  on the  -'analysis o f the  
absorp tion  experim ent were taken in to  account (8ection  2 .7 ) .
The p ressu re  dependence o f the m etastab le  d e n s it ie s  (8ection  3.3) 
shows pronounced maxima around 2 t o r r  (fo r a constan t d ischarge c u r r e n t) . 
The maximum d e n s it ie s  are  2 x 10^^ fo r  s in g le t  and 9 x 10^^ cm~^
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fo r  t r i p l e t  m etastab les , A model o f th e  helium discharge i s  co n structed  
(Section 3.4) in  which a l l  rep o rted  production and lo ss  processes fo r  
the helium t r i p l e t  m etastab le  le v e l are considered. The p r in c ip a l 
production  mechanism fo r  the  t r i p l e t  m etastab le  le v e l i s  e lec tro n  
e x c ita tio n  from the helium ground s ta t e  (1^8), e i th e r  d ir e c t ly  o r  by 
ra d ia tiv e  cascade from h ig h e r e x c ited  levels^w hile  the p r in c ip a l lo ss  
process i s  e le c tro n  c o l l is io n a l  e x c ita tio n  o f the  m etastab le  s ta te s  to  
ion ized  s ta t e s .  O ther le s s  im portant lo ss  processes are d iffu s io n  o f  
m etastab les to  th e  tube w a lls , m etastab le-m etastab le  c o ll is io n s  and 
met as tab l e -helium  ground s ta t e  c o l l i s io n s .  This model exp lain s the  
^p ea ran ce  o f  a maximum in  th e  dependence o f  t r i p l e t  m etastab le  d en sity  
on cu rren t and p re d ic ts  d e n s it ie s  which are  a  f a c to r  o f 2-3 h igher than 
th e  measured d e n s i t ie s .  In  view o f  the  wide range o f  values repo rted  
fo r  some o f the  c ro ss -se c tio n s  req u ired  in  the model, some d iffe ren ce  
between model and experim ent i s  expected.
Both t r i p l e t  and s in g le t  m etastab le  d e n s it ie s  s a tu ra te  w ith  
in c reas in g  c u rre n t fo r  p ressu res  below 1 to r r .  The discharge model 
d iscussed  in  S ection  3.4 i l l u s t r a t e s  th is  behaviour fo r  the  2 S m etastab les 
s ince  a p o in t i s  read ied  where e le c tro n -c o ll is io n a l  d e s tru c tio n  o f the  
t r i p l e t  m etastab le  le v e l dominates th e  o th e r lo ss  p rocesses mentioned 
above. Since the p r in c ip a l p roduction  and lo ss  processes are then both 
p ro p o rtio n a l to  the  d ischarge c u r re n t , th e  m etastab le  d en sity  is  independent 
o f  th is  param eter. The model fu r th e r  p re d ic ts  the c u rre n t a t  which 
s a tu ra tio n  should occur. The p re d ic ted  cu rren ts  fo r  s a tu ra tio n  and those 
observed in  th e  experim ent agree to  w ith in  a fa c to r  o f  2. The model 
[{.further p re d ic ts  the  observed behaviour th a t  w ith  in c reas in g  p ressu re  the 
cu rren t a t  which s a tu ra tio n  occurs ra p id ly  decreases.
For p re ssu res  above 1 t o r r  a  slow decrease o f  s in g le t  and t r i p l e t  
m etastab le  d e n s it ie s  w ith  c u rre n t i s  observed. This is  shown to  be
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caused by the  presence o f s ig n if ic a n t  pop u la tio n s , ie  > 10% o f  the
m etastab le  p o p u la tio n s , in  the  upper le v e ls  o f  the  t r a n s i t io n s  fo r  which
1 1  3the  absorp tion  i s  measured. These le v e ls  are the 3 P , 4 P and 3 P
le v e ls  o f  Hel. C alcu la tions o f  the  population  o f  the  3^P le v e l were made
(Section 3,4) using  a procedure s im ila r  to  th a t  fo r  c a lc u la tin g  m etastab le
d e n s i t ie s .  The p r in c ip a l e x c ita tio n  process is  e le c tro n  e x c ita tio n  from
the helium ground s ta t e  and the  2^S m etastab le le v e l ,  w hile the major
d e s tru c tio n  process is  ra d ia tiv e  decay a t  5016% (3^P -  2^8). The
populations c a lc u la te d  in  th i s  way (~ 4 x 10^^ cm~  ^ fo r  helium p ressu re
2 to r r ,  cu rren t 100 mA) are in  poor agreement w ith the values o f  ^ 10^^ cm"^
im plied by the  p re sen t experim ent. The p r in c ip a l cause o f  th is  d iscrepancy
1i s  u n c e rta in ty  in  the c ro s s -se c tio n  fo r  e x c ita tio n  o f  the  3 P le v e l from 
the m etastab le  le v e l . Populations o f th e  3, 4^P le v e ls  o f helium o f 
'V 10^^ cm ^ have been rep o rted  a lso  by Kruse (21) fo r  helium discharges 
under conditions c lo se  to  those s tu d ied  in  th is  work (helium p ressu re  1 t o r r ,  
d ischarge diam eter 1 cm, cu rren ts  0-500 mA).
12 — 3A p o ssib le  consequence o f  the  la rg e  populations ('^  ^ 10 cm ) in
the h igher le v e ls  o f helium is  th a t  they  too may co n trib u te  to the  Penning
2 2e x c ita tio n  o f the  upper la s e r  le v e ls  5s 5 / 2  the  cadmium ion.
Mien cadmium vapour i s  adm itted  to  the absorp tion  c e l l  (Chapter IV) 
the  param etric  behaviour o f  the  spontaneous em ission a t  4416% shows the 
same c h a ra c te r is t ic s  as are observed in  a la s e r  (Appendix I ) , namely 
d i s t i n c t  maxima in  the  dependence o f  the  spontaneous em ission on d ischarge 
c u rre n t, h e liu n  p ressu re  and cadmium oven te n p e ra tu re .
The cadmium n e u tra l  d en sity  in  the discharge was determined 
(8ection  4.2) by measuring the  absorp tion  o f  the  Cdl in tercom bination  
resonance l in e  a t  3261% (5^P^ -  5^Sq) . The cadmium n e u tra l  d en sity  was 
found to  vary l i t t l e  w ith  the  d ischarge cu rren t and the helium p re ssu re ,
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b u t to  be c o n tro lle d  by the oven tem peratu re, which determines the  vapour 
p ressu re  o f  the  cadmium w ith in  th e  oven. For optimum spontaneous em ission
a t 4416% (and hence optimum la s e r  power) the  cadmium n e u tra l  d en sity  i s
13 - 3^ 2 X 10 cm .
The presence o f  cadmium vapour has two e f fe c ts  on the m etastab le  
populations (Section 4 .3 ) .
F i r s t ,  th ese  popula tions a re  reduced by a f a c to r  o f  2 when the 
optimum cadmium p a r t i a l  p re ssu re  fo r  la s in g  is  p re se n t. This reduction  
is  due to  a decrease in  the  p roduction  ra te  o f the  m etastab le  species 
since  th e  presence o f  cadmium lowers the  E/p value o f th e  d ischarge and 
hence lowers the  mean energy o f  the  e le c tro n s . The high energy t a i l  o f 
th e  e lec tro n  energy d is t r ib u t io n  i s  fu r th e r  dep leted  due to  e x c ita tio n  
o f  low -lying le v e ls  o f  Cdl. The in tro d u c tio n  o f  an a d d itio n a l lo ss  
p ro cess , Penning io n iz a tio n , fo r  th e  helium t r i p l e t  m etastab les does no t 
s ig n if ic a n tly  a l t e r  the  popula tion  o f  th is  le v e l ,  s in ce  the r a t io  o f  
the  lo ss  by Penning io n iz a tio n  to  th a t  by e lec tro n  c o l l is io n a l  de-e x c ita t io n  
i s  0 .1  fo r  ty p ic a l la s in g  cond itions (Section 4 .3 ) .
The second e f f e c t  o f  cadmium vapour on the  m etastab le  populations 
i s  th a t  the cu rren ts  a t  which s a tu ra tio n  occurs are h igher (60-120 mA) 
than fo r  th e  pure helium discharge (10-50 mA). The presence o f  cadmium 
vapour, by reducing th e  E/p value o f the d ischarge , reduces the production 
ra te  and e lec tro n  d e -e x c ita tio n  ra te  fo r  m etastab les. Inspec tion  o f 
equation (3 .9) (Section 3 .4) shows th a t  h igher cu rren ts  are  then requ ired  
before  e lec tro n  c o l l i s io n a l  de-e x c ita t io n  dominates the o th e r lo ss  p ro cesses , 
ie  the  c u rre n t a t  which s a tu ra tio n  occurs i s  h ig h er. In  view o f  the  
lowered production  r a te  fo r  m etastab les when cadmium is  p re se n t, t h e i r  
d e n s it ie s  a t s a tu ra tio n  are a lso  reduced.
The spontaneous em ission a t  4416% as a func tion  o f  cu rren t and 
p ressu re  (fo r  a fix ed  oven tem peratu re, ie  constan t d en sity  o f  cadmium
6.6
ground s ta te  n e u tr a ls .  S ection  4 .2) i s  found to  follow  the  dependence o f
the  t r i p l e t  m etastab le  d e n s i t ie s  on th ese  param eters. The v a r ia t io n  o f
spontaneous em ission a t  4416% w ith  oven tem perature shows a pronounced
maximum fo r  an oven tem perature o f  240°C. As th e  cadmium n e u tra l  d en sity
s te a d ily  in c reases  w ith  oven tem perature (Section 4 .2) w hile the  m etastab le
d e n s it ie s  s te a d ily  decrease (Section 4 .3) the  maximum in  the  spontaneous
em ission a t  4416% is  c o n s is te n t w ith  the  view (1,2) th a t  the production
2 2ra te  o f  the upper le v e l o f  th i s  t r a n s i t io n  (5s ^ 5 / 2 » ^ d ll)  i s  p ro p o rtio n a l
to the  product o f  the helium  m etastab le  density  and the  cadmium ground
s ta te  n e u tra l d en sity .
From the  measured d e n s it ie s  o f  m etastab le  and n e u tra l species in
2 2the  He-Cd d ischarge (Chapter IV) and the  decay ra te s  o f  the  5s l®vel
o f  Cdll (the upper le v e l o f  the  4416% la s e r  tra n s i t io n )  (Chapter V) the
10 -3popu la tion  o f  th is  le v e l i s  now c a lc u la te d  as 1 x 10 cm under ty p ic a l
la s in g  conditions (helium p re ssu re  2-4 to r r ,  d ischarge cu rre n t 120 mA,
and oven tem perature g iv ing  'v 2 x 10^^ cm ^ ) . The c a lc u la tio n  does
2 2n o t include e x c ita tio n  o f  the 5s Dgy2 le v e l by c o ll is io n s  w ith  helium 
atoms in  s ta te s  above the  m etastab le  le v e ls .  This may exp la in  the 
d iffe ren ce  between tlie  p re sen t e stim atio n  and the  value 6 x 10^^ cm  ^
ob tained  by Hodges (44). The behaviour a t  4416% o f  the  He-Cd la s e r  w ith  
re sp ec t to  i t s  th ree  im portant o p era tin g  param eters (helium f i l l i n g  p re ssu re , 
cadmium oven tem perature and d ischarge cu rren t) i s  thus explained  by the  
behaviour o f  tlie m etastab le  d e n s it ie s  and ground s ta t e  cadmiun atoms w ith  
th ese  param eters, w ith  the e x c ita tio n  ra te  o f  th e  upper la s e r  le v e l 
p ro p o rtio n a l to  the product o f  the m etastab le  d en sity  and the ground s ta te  
m etal d en sity . These conclusions should be v a lid  a lso  fo r  o th e r m etal 
vapour la s e r  systems such as He-Zn and He-Se where upper la s e r  le v e ls  are 
populated  by Penning c o l l i s io n s .
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6.3 P e r tu rb a tio n  Spectroscopy
In  the  p e rtu rb a tio n  spectroscopy experim ents (Chapter V)  the  
ra d ia tio n  f i e ld  w ith in  the  c av ity  o f  a He-Cd la s e r  o p era tin g  a t  4416% 
is  chopped a t  1600 Hz. Synchronous changes in  the s id e l ig h t  are  observed 
a t  4416& (5s^ -  -  5p ^ P y 2 >  ^ d H ) , 2144& (5p -  5s Cdll)
and 3250% (5s^ ~ % /2 >  C dH ).
A nalysis o f  th e  p e rtu rb a tio n s  a t  2144% and 4416% (Section 5 .4 .2 )
y ie ld  an average value fo r  the  n o n -rad ia tiv e  decay r a t e ,  o f  the
5s^ ^^5/2 o f  C dll o f  = 1 .2 +^0.3 X  10^ s A s l ig h t  v a r ia t io n
o f  th is  n o n -rad ia tiv e  decay r a te  w ith  cu rren t was seen , bu t no fu n c tio n a l
dependence on oven tem perature o r  helium  p re ssu re . S lig h t v a r ia tio n s
o f y^ w ith  p ressu re  and oven tem perature have been observed (61,62) b u t
fo r  p r e s s u r e s  below 1.5 t o r r  where the  d ischarge i s  le s s  n o isy . In  tlie
p resen t experim ents sm all changes in  y^ could e a s i ly  be masked by
discharge f lu c tu a tio n s . While tak ing  the average o f  the  values o f  y^
over the  range o f cond itions ap p ro p ria te  to  la s e r  o s c i l la t io n  conceals
sm all v a r ia t io n s , the  value ob ta ined  may be used as an estim ate  in  the
an a ly s is  o f  the la s e r  system. The most s ig n if ic a n t  c o n trib u tio n  to  y^
is  d iffu s io n  o f  ions in  the  r a d ia l  f i e ld  o f  the d ischarge to  the  tube
w a lls . The t r a n s i t  time to  th e  w alls  fo r  an ion i n i t i a l l y  a t  the cen tre  o f
a tube o f rad iu s  2 mm is  approxim ately 1 ^s (S ection  5 .4 .2 ) which is
? 7s im ila r  to  th e  ra d ia tiv e  life tim e  o f  'v 0 .8  ys (70,71) fo r  the  5s 
le v e l o f  C d ll.
The p resen t r e s u l t ,  y^ = 1 .2 _+ 0 .3  x 10^ s i s  in  agreement w ith  
the  r e s u l ts  o f  K lein and Maydan (61) who found th a t  the  to t a l  decay ra te  
v a ried  in  the  range 1 .5  - 1 . 9  x 10^ s  ^ and w ith  the  r e s u l ts  o f Dienes 
and Sosnowski (62) whose values fo r  y^ were a f a c to r  o f  2-3 h igher than, 
those  o f  K lein and Maydan.
There is  however a la rg e  d iscrepancy between the p re sen t r e s u l t  fo r
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and th a t  o f  Lis (6 6 ) who found a value = 40 x 10^ s This i s
shown (Sec tion 5 .4 .2 ) to  be due to  the  use by Lis o f th e  r a t io  o f  the
populations o f  th e  upper and lower la s e r  le v e ls  o f th e  4416% tr a n s i t io n  
2 2 2(5s Dgy2 > P3 / 2  ï 'ssp ec tiv e ly ) which was derived  by Hodges (67).
The value derived  by Hodges fo r  th is  r a t io  i s  0 .5 , w hile the p re sen t
experim ents in d ic a te  a much lower v a lu e , ~ 0 .03 . Using th is  l a t t e r
value fo r  th e  r a t io  o f  popu la tion  to  r e - in te r p r e t  the  r e s u l ts  o f  Lis
g ives a value o f  y^ -  1 .8  x 10^ s in  agreement w ith  the p re sen t va lue.
A c ru c ia l  t e s t  o f  the d if f e r in g  values fo r  the  r a t io  o f the 
2 2 2populations o f  the 5s Dgy2 5p ^ ^ 2  le v e ls  would be a search  fo r
la s e r  o s c i l la t io n  a t  3536% (5s^ ^^3 / 2  “ ^P ^^3 / 2 * ' According to
Hodges t i l ls  t r a n s i t io n  should n o t la se  because o f  th e  la rg e  popu la tion  
2o f  the  lower 5p P^y2 l e v e l , in  c o n tra d ic tio n  to  th e  conclusions o f  the  
p re sen t work. Two main d i f f i c u l t i e s  would be p re sen t in  such a search . 
F i r s t ,  o s c i l la t io n  a t  3250% would have to  be quenched (as the  3250% 
la s e r  t r a n s i t io n  has th e  same upper le v e l as th e  t r a n s i t io n  a t  3536%) 
and second, the lo sse s  in  the  system would have to  be le s s  than the gain 
o f  1% m ^ in  a tube con tain ing  a s in g le  iso tope o f  ca()mium.
From the r a t io  o f  th e  spontaneous em ission in te n s i t ie s  a t  2144% 
and 4416% th e  e x c ita tio n  ra te s  o f  th e  lower and upper le v e ls  o f  the  
4416% la s e r  t r a n s i t io n  are in  th e  r a t io  3:1 under ty p ic a l cond itions fo r  
la s in g . The e x c ita t io n  to  th e  lower la s e r  le v e l i s  v ia  ra d ia tiv e  
cascade from le v e ls  o f  th e  cadmium ion which a re  e x c ited  by charge 
t r a n s fe r  c o l l i s io n s .  The upper la s e r  le v e l i s  e x c ited  by Penning 
c o ll is io n s .
A p e rtu rb a tio n  a t  3250% (5s^ ^^3 / 2  " ^P ^^1/2^ C dll) i s  found
(Section 5 .4 .3 ) to  have a p a ram etric  behaviour which n e c e s s ita te s  the
2 2in c lu s io n  o f  coupling to  th e  5s D^y2 le v e l (the  upper le v e l o f the
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3250% t r a n s i t io n )  from both  the upper (5s^ ^^5/2^ and lower(^p
le v e l o f  the  4416% t r a n s i t io n .  This coupling is  v ia  e lec tro n  c o l l is io n s .
2 2The c ro ss -se c tio n  fo r  e x c ita tio n  to  the  5s 0^/2 ^®vel from the
5s^ ^^5/2 i s  7 X lo"^^ cm^, a value ty p ic a l o f gas k in e tic  c ro ss-
2se c tio n s . The c ro ss -se c tio n  fo r  e x c ita tio n  from the Ss P^y^ le v e l to
7 7 “13 7the  5s D^y2 le v e l i s  found to  be 7 x 10 cm , Miich is  extrem ely
la rge  fo r  an atomic c o l l is io n  p ro c e ss . A p la u s ib i l i ty  argument based
on th is  c ro ss -se c tio n  and applying the p r in c ip le  o f  d e ta i le d  balance
2 2shows th a t  the e le c tro n  de-e x c ita t io n  ra te  o f the 5s D^yg upper la s e r  
le v e l should be f a r  h igher 70 x 10^ s~^) than is  observed 1 x 10^ s ^ , 
Section 5 . 4 . 2) .  At p re se n t, however, i t  i s  n o t p o ss ib le  to  reso lve th is  
inconsistency .
Very l i t t l e  is  Icnown about e le c tro n  c o ll is io n s  w ith  le v e ls  which
are  already  e x c ite d , b u t i f  the  p re sen t la rge  c ro ss -se c tio n  o f 7 x 10 cm^
2 2 2fo r  t r a n s i t io n s  between the 5s D '^y2 P^y2 le v e ls  i s  v a l id , i t
could in d ic a te  a c o l l is io n  involving a tra n s ie n t  in term ed ia te  s t a t e ,  fo r 
example an auto io n iz in g  le v e l o f  n e u tra l  cadmium.
Alol
APPENDIX I
œNSTRUCTION OF A CATAPHORBTIC HELIUM-CADMIUM LASER
A l . 2
A l .1 In troduction
The technology a sso c ia ted  w ith  the helium-cadmiuni la s e r  i s  very 
s im ila r  to  th a t  o f the  w ell e s ta b lish e d  helium-neon system except 
th a t  somewhat h igher cu rren t d e n s it ie s  are needed as w ell as the means 
fo r  in troducing  in to  the  discharge a uniform vapour p ressu re  o f cadmium. 
Goldsborough (4) and Sosnowski (3) found th a t  i f  cadmium vapour is  
continuously  in troduced  in to  the  helium c a p il la ry  d ischarge a t  the 
anode end then ca taphoresis  causes a flow o f m etal ions towards the 
cathode a t  a c o n tro lle d  even ra te .  The p o s itiv e  column o f  the  discharge 
becomes tliereby a reg ion  where the m etal vapour d en sity  i s  uniform , and 
by ad ju stin g  the vapour p ressu re  in  the cadmium source i t  is  p o ssib le  
to  ob ta in  cadmium d e n s it ie s  o f the  c o rre c t magnitude fo r  la s e r  
o s c i l la t io n .  Tlie co n stru c tio n  o f  the la s e r  system w ill  be d iscussed  
in  th ree  sec tio n s  : tlie la s e r  tube and the  vacuum system , the  oven 
design , and the cathode p rocessing  and perfom ance. Typical output 
power curves are shown as a function  o f the  param eters: discharge 
c u rre n t, helium f i l l i n g  p ressu re  and cadmium oven tem perature.
A1.2 The la s e r  tube and vacuum system
The la s e r  tube i s  shown schem atically  in  Fig. A I . l .  The c a p il la ry  
tu b e , e lec tro d e  envelopes, B rew ster angle window assem blies and te e  
sec tio n s  were q u a rtz . The c a p il la ry  tube was 2.5 mm i . d . , 5.1 mm o .d . 
and 60 cm long. The tube had been sp e c ia lly  s e le c te d  by the  su p p lie rs  
(Jencons) fo r  s tra ig h tn e ss  and un iform ity  o f bore.
The two hollow e lec tro d es  were turned  from 94% A1 - 6% Gu a llo y  
and were supported by the  tungsten  to  quartz  se a ls  which provided 
e le c t r i c a l  connection. The e lec tro d es  were made id e n tic a l  so th a t  e i th e r  
could be used as the cathode. This allowed the d ire c tio n  o f the cadmium 
flow to  be reversed .
S p ira ls  made from pyrex tube o f  5 mm bore and leng th  150 cm were
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a ttach ed  a t  one end to  e lec tro d e  envelopes through quartz  to  pyrex 
s e a ls ,  and a t  the  o th e r to  s ta in le s s  s te e l  valves (Hoke Type H72 G4Y) 
by pyrex to  Nilo-K s e a ls .  These s p ira ls  prevented the  discharge 
running to  the  m etal vacuum system on the o th er s ide  o f the valves.
Enlarged sec tio n s  o f  the tube (approxim ately 2 cm diam eter and 
3 cm long) were provided a t  each end o f the quartz  c a p i l la iy .  The one 
n ear the anode contained a few p e l le t s  o f  cadmium m etal o f n a tu ra l • 
iso  to p ic  composition (BDH 'A nalar' grade) and was enclosed by the oven.
The o th e r was n o t covered and was th e re fo re  cooled by convection.
As the discharge heatin g  o f  the tube w all was much reduced by the  la rg e r  
diam eter the cadmium vapour condensed in  th is  reg ion . The discharge 
heating  in  the c a p i l la ry ,  however, m aintained a s u f f ic ie n t ly  high w all 
tem perature, w ithout the need fo r  h ea te rs  o r  e x tra  in s u la tio n , to  
p revent condensation o f  the cadmium in  th is  sec tio n  o f the  tube.
No sp ec ia l procedure was adopted to  accu ra te ly  a lig n  the  Brewster 
angle windows a t  the  tube ends. The presence o f th e  helium was most 
e f fe c t iv e  in  p reven ting  d iffu s io n  o f  cadmium to  the  windows.
The vacuum and gas f i l l i n g  system , shown schem atically  in  F ig, A I.2 , 
was cons truc ted  from s ta in le s s  s te e l  w ith  gold ’O’-r in g  s e a ls . Connection 
to  the  la s e r  tube was made w ith  sh o rt sec tio n s  o f  I" o .d . s ta in le s s  
s te e l  p ipe . A s ta in le s s  s te e l  system was used since  i t  could be 
l e f t  open to  the la s e r  tube (to  m onitor p ressu re) fo r  extended p e rio d s , 
w hile sea led  o f f  from the  pump, w ith  l i t t l e  ou tgassing .
The system was pumped by a tw o-stage ro ta ry  pump (Metrovac GDR 1) 
w ith  a z e o l i t e - f i l l e d  o i l  vapour tra p  (Vacuum Generators RT 1 ). Tlie 
system read ied  a base p ressu re  o f 10  ^ to r r ,  measured w ith  a P ira n i 
gauge (Edwards M6A, range 0.001 - 0.5 to r r ) .  Gas f i l l i n g  p ressu re  was 
m onitored w ith  a 0 - 10 t o r r  capsule gauge (AGI). The two valves on 
the la s e r  tube were arranged so th a t  helium could be flu shed  through 
the system (with o r w ithout a d isc h a rg e ) . This f a c i l i t y  was found to
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be unnecessary and was e lim ina ted  from l a t e r  tu b es. Helium o f 4N5 
p u r i ty  was used (BDH 'L ab g as ') .
The la s e r  d ischarge was run from a 0-15 IcV, 0-lA power supply 
o f conventional design (th ree  phase bridge r e c t i f ic a t io n  followed by 
smootliing c a p a c ito r s ) . As th is  supply was no t cu rren t reg u la ted  a 
40 kn b a l la s t  r e s i s to r  was p laced  in  se r ie s  w ith the tube fo r  s t a b i l i t y  
o f  the  d ischarge.
A1.3 Cadmium Oven Design
The f i r s t  design o f  the oven used to  h ea t the cadmium a t  the  anode 
end o f the d ischarge co n sis ted  o f  two sem i-cy lin d rica l asbestos sec tio n s  
witli a hole in  each end through which the  d ischarge tube passed. The 
in s id e  was o f  such diam eter th a t  the heating  element f i t t e d  c lo se ly  to  
the  en larged  sec tio n  o f  the  tube holding the cadmium. The two sec tio n s  
f i t t e d  over the  tube and were b o lte d  to g e th e r to  give a sm all (3" diam eter 
X 2" long) robust oven. The hea tin g  elements (one to  each semi- 
c y lin d r ic a l  sec tio n ) co n sis ted  o f  f iv e  tu rns o f nichrome w ire (2 mm x 
0.16 mm) wound over a qu artz  former witli notched ends to  keep the tu rns 
separa ted .
A chrome1-alumel thermocouple monitored the oven tem perature.
The tlieimocouple was p laced  on the  en larged  sec tio n  o f  the  tube and 
covered w ith  th in  asbestos sh ee t to  avoid d ir e c t  con tac t w ith the h e a te r  
tu rn s . Tlie output o f the  thermocouple was connected to  th e  tem perature 
c o n tro l le r  (E ther ' T ra n s itro l  ' type 991 G). The req u ired  oven tem perature 
was s e t  and m aintained to  + 1C° by the c o n tro lle r .
Subsequent tubes were co n structed  using f le x ib le  ovens (E lec tro ­
therm al) , capable o f d is s ip a tin g  400 W a t up to  1000°C.
A1 .4 Cathode Requirements
P r io r  to  o p era tio n  in  helium  the cathode requ ired  p rocessing . This 
was c a r r ie d  out by running a d ischarge in  a i r  a t  a p ressu re  o f  a few 
to r r  and a c u rre n t o f 50 mA fo r  t h i r t y  m inutes. The tube was then
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evacuated to  the  base p ressu re  o f the  pump and f i l l e d  w ith  3-4 t o r r  o f 
helium and a 100 mA discharge in i t i a t e d .  Due to  out gassing during th is  
f i r s t  d ischarge tlie system was pumped out and r e f i l l e d  a f te r  a fu r th e r  
th i r ty  m inutes.
For a cathode o f  the  dimensions in  Fig. A I .l  and processed in  
the  above way, s p u t te r  fre e  op era tio n  in  helium a t 3 t o r r  was ob ta ined  
up to  100 mA. O peration above 100 mA was accompanied by pronounced 
s p u tte r in g , and a th in  film  o f  alimiinium slowly formed on the quartz  
envelope around the  cathode. Above 120 mA the  r a te  o f  dep o sitio n  was 
considerab le  as an opaque film  formed in  one hour.
Larger cathodes (8" long x o .d .) were subsequently  made from 
aluminium a llo y  (HE15TF). These cathodes have been run up to  400 mA 
w ith  l i t t l e  sp u tte r in g  o r  su rface  degradation . F u rth er, the  need fo r  
p rocessing  the cathode before  opera tion  in  heliian was found to  be 
unnecessary.
A1.5 O perating C h a ra c te r is tic s  and Laser Power
When opera ted  a t  100 mA in  pure helium a t  a p ressu re  o f 2-10 to r r
the d ischarge vo ltage was 2 .3 kV. As the oven tem perature was increased
to  the  value which provided optimum cadmium co n cen tra tion  fo r  la s e r  power 
a t  4416% the  d ischarge vo ltage  dropped to  1.7 kV. The discharge took 
only a few minutes to  reach equ ilib rium  when the  cadmium oven was in  
o p era tio n . The power d is s ip a te d  in  the quartz  c a p il la ry  was about 3 W/cm.
Tlie e f fe c ts  o f  varying the  tliree im portant op era tin g  param eters 
were s tu d ied . These param eters are the oven tem perature (which co n tro ls  
the cadmium vapour p re s s u re ) , d ischarge c u rre n t, and th e  helium f i l l i n g  
p re ssu re . F igs. A I.3 a ,  b , c show the e f fe c ts  o f keeping two o f  the  
tliree param eters constan t w hile measuring the  la s e r  output power a t  
4416% as a function  o f  the  th ir d .  These re s u l ts  in d ic a te  the form o f
the dependence o f  the la s e r  power on tlie param eter v a ried  and the  range
of the param eter over which la s e r  o s c i l la t io n  occurs. Note th a t  the
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power sca le  has a rb i t r a ry  u n its  - the  maximum power obtained  w ith th is  
la s e r  (ac tiv e  leng th  60 cm) was 20 mW. No attem pt was made to ob ta in  
optimum coupling through the  la s e r  output m irro r.
The pronounced optimum behaviour o f the  la s e r  power w ith  re sp ec t 
to  the  th ree  o p era ting  param eters is  a c h a ra c te r is t ic  fe a tu re  o f  the  
behaviour o f  la s e r  t r a n s i t io n s  e x c ited  by Penning c o l l is io n s .
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APPENDIX I I
COMPUTER CALCULATION OF THE ABSORPTION 
FOR A LINE WITH OVERLAPPING COMPONENTS
A2.2
The stepw ise in te g ra tio n  o f  the absorp tion  functions (1 - A)A 
and (1 - A) (where A -  exp(-l<^d) (S ection  2 .4 ) ) fo r  a complex l in e  shape 
is  now described . Five hundred p o in ts  are generated  across a frequency 
in te rv a l o f 20 GHz and the cen tre  frequencies o f  each o f the components 
o f the l in e  are arranged about the  cen tre  o f th is  in te rv a l .  Tlie value 
o f th e  absorp tion  c o e f f ic ie n t ,  re s u lt in g  from the  overlapping 
Doppler p ro f i le s  o f  each component is  c a lc u la te d  a t  each o f  the fiv e  
hundred p o in ts .
aThe value o f the  product o f  the  absorp tion  len g th  and the  density
o f  the absorbing species (Nl) is  v a ried  over a range o f 100 in  increments
o f 2, For eacli value tlie above in te g ra ls  are  determ ined and values
Ipo f  th e  absorp tion  (■=?—, S ection  2.4) are p r in te d  ag a in s t th e  values o fo
the  Nl p roduct.
L is tin g s  fo r  tlie programmes to  c a lc u la te  the absorp tion  a t  38898 
in  Hel and 3261% in  Cdl are shoivn in  Figs A ll .1 , A ll.  2 re sp ec tiv e ly .
The programme fo r the helium l in e  w il l  be explained  in  d e ta i l  -  the 
programme fo r the  cadmium lin e  is  com pletely analogous and as f a r  as 
p o ssib le  tlie same names fo r  v a ria b le s  have been used.
The programme begins by reading the  cen tre  frequencies (HZl, HZ2,
HZ3) o f  the components o f the  3889% l in e ,  t h e i r  r e la t iv e  f r a c tio n a l 
in te n s i t ie s  (R1, R2, R3), the frequency HZS a t  which the 20 GHz in te rv a l  
s t a r t s  (u sua lly  0 GHz) and th e  value o f  the  increm ent (HZA) o f  frequency 
req u ired  to  give f iv e  hundred p o in ts  across the 20 GHz in te rv a l .
Hie cons tan ts WDTH and A are given by
WÜIH
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(For s im p lic ity  some o f the powers o f  10 from the  Nl product are 
included, in  A a t th is  stage  so th a t  the Nl range which occurs l a t e r  in  
the programme is  0 -  100) .
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The last, q u a n tit ie s  read  in  are the s ta r t in g  value o f the Nl 
product (DES) in  the increm ent (DBA) requ ired  to  cover the  Nl range.
F irst.^ five  hundred p o in ts  along the frequency axis are generated  
and s to re d  as CYCLE (I) values (S tatem ent 29). At each o f the  fiv e  
hundred p o in ts  the absorp tion  c o e f f ic ie n t  i s  determ ined by summing 
the  co n trib u tio n s  from tlie Doppler p ro f i le s  o f each o f  th e  components. 
These c o e f f ic ie n ts  are  s to re d  (Statem ent 30) as TRP(I) values (TRP 
abbrev ia tes ’t r i p l e t ’ , the second programme uses CDR to  abbreviate  
’cadmium resonance’) .
The requ ired  values o f  the  Nl product are c a lc u la te d  and s to re d  
(Statement 35),
F in a lly , fo r  each o f these  Nl va lu es , the absorp tion  in te g ra ls
are evaluated  s tep  by s tep  across the fiv e  hundred p o in ts  o f the
abso ip tion  p ro f i le  and the value o f the requ ired  function  
/ ( I  “ exp(-k^d)) exp(-k^d) dv
/  1 “ e,xp(-k d) dv
V
is  p r in te d  w ith  the corresponding Nl value.
/ / F O R* IOCS(CARD,TYPEWRITER)*LIST SOURCE PROGRAM
D I M E N S I O N  C Y C L E ( 500 ) , T R P ( 5 0 0 ) , D E ( i q O )  RE AD ( 2 , 2 10.H Z1 Z2 , H Z3 , WDTH , H Z S , H Z A  : " R E A D ( 2 , 2 ( ^ ) A , R 1 , R 2 , R 3 , D E S , D E A  CYCLE(1)«II;ZS 0029 1 = 2,50029 CYCLE(I)=CYCLE(I-1)+HZA 003 01- 1 , 50 0
TRP1=A*R1*EXP(-WDTH*(CYCLECI)-HZl)*A2) TRP2«A*R2*EXP(-WDTH*{CYCLE(I)-HZ2)**2) TRP3=A*R3*EXP(-WDTH*(CYCLE(! ) -HZ3)**2)
30 TRPCI ) =TRP1-^TRP2+TRP3 DE(1).=0ES I
00350 = 2,10:0 35 DE(J)=DE(J“ 1)+DEAD036J:=1,100 ABSA=0.D ABSB=0.0 00311=1,500 .AnSA=AOSA+(l.-EXP(-'DE(J)*TRP( I ) ) )**231 ABSB=ABSB4-(1.-EXP(-DE(J)*TRP( I ) ) )ANS=1.-ABSA/A3SB 3G WRITE(1,25)DE(J),ANS
2 k  FORMAT(6Fip,5)25 FORMAT(2F10.5)CALL EXIT END :
Fig, A I I . l  L is tin g  o f the  programme used fo r  re la t in g  
absorp tion  a t  3889% (Hel) to  the reduced 
heliLuii t r i p l e t  m etastab le  d en sity .
/ /  FOR'^læSCCARD,TYPEWRITER)
*LI ST SOURCE PROGRAMDIMENSION CYCLE(500) ,CDR(500) ,DE( IOO) 
READ(2,2W! IZ1,HZ2,HZ3,HZ4,HZ5,HZ6 READ(2,24)i ;Z7 ,HZ8,HZ9 ,H ZIO ,H ZS ,H ZA 
READ( 2 , 2l i )WDTH,A,Rl ,R2,R3,R4 READ(2 , 2 4 ) R5 ,RG, R? , RS , R9 , R I O 
READ(2,25)DES' ,DEA 
CYCLE(1)=!IZ5 
0 0 2 9 1 = 2 , 5 00  
29 ■ CYCLE(I)=CYCLE()-1)+HZA 
D030 1=1 ,500C D RI =A* R1 * E X P ( - V/DJH * Ç CY C L E (
CDR2=A*R2*EXP(-imTH*CCYCLE(CDR3 = A*R3*EXP(-WDTH^^( CYCLE (
CDR4=A*R4*EXP(-WDTH*(CYCLE(CDR5=A*R5*EXP( - WDTH* ( CYCL£ (
CDR6=A*RG4EXP(-WDTH*(CYCLE(
CDR7=A*R7*EXP(-W0TH*(CYCLÉ(C0R8=:A*R8*EXP(-WDTH*(CYCLE(CDR9=A*R9*EXP(-WDTH*(CYCLE C 
CDR10=A*R10*EXP(-WDTH*( CYCLE( I ) - H Z 1 0 ) * * 2 )
3 0 CDR( I ) =CDR1 + CDR2 + CDR3 +CDR4CDR5 +CDRG + CDR7+ CDRS +CDR9<^CnR10
DE(1)=DES ;003 50 =2 ,5 0  35 DE(J)=DE(J-1)+DEA
. . DO3GJ=l ,50
ABSA=0.0 
ARS0=0.0 
0 03 11 = 1 , 50 0ABSA=ADSA+(l.-EXP(-DE(Ll)*CDR( I ) ) ) * * 2  .31 ABSB = A13SR + (1 . -EXP( -DE(0)*CDR(1  ) ) )
ANS=l.-An5A/ABSB 3C WR ITE(1 ,25)DE(J ) ,ANS
24 . FORMATCGFIO.5)
25 FORMAT(2F10.5)
CALL EX IT
END
) - H Z l ) * * 2 )  
) -HZ2)**2)  
) - H Z 3 ) * * 2 )  
) -HZ4)**2)
) - l l Z 5 ) * * 2 )  
) -  H Z G ) * * 2 ) 
) -HZ7)**2)  ) -HZ8 )* *2)  
) -HZ9)**2)
Fig. A l l . 2- L is tin g  o f  the  programme used fo r  re la t in g  absorp tion
a t 3261% (Cdl) to  the cadmium ground s ta te  n e u tra l d e n sity .
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